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Abstract 
 
As a free and abundant alternative energy source, the use of sunlight to store and 
transfer energy is of great importance to a clean and sustainable future. Aiming for an 
environmentally and economically friendly approach to utilizing solar energy, metal-
free, earth-abundant mesoporous silicon with hydrogen termination were developed 
via inexpensive electrochemical etching. By means of a range of characterisation tools, 
a detailed structural analysis was established, showing a large surface area, open porous 
system and abundant quantum confined Si nanocrystallites of which the morphological 
properties can be controllably tuned through adjusting etching parameters and wafer 
resistivity. As a result, an excellent efficiency in degrading methyl orange under visible 
light irradiation was achieved in the following photocatalytic study, which also revealed 
the influence of different structural factors on the photocatalytic performance by 
affecting mass transport, light absorption and photoexcited charge recombination. The 
photocatalytic mechanism of mesoporous silicon in methyl orange degradation was also 
investigated in this research, with insights gained into the electronic band properties, 
photocatalytic oxidation facilitated by the generation of reactive oxygen species and the 
roles of surface hydrides on the degradation pathways of methyl orange. By coupling 
with graphitic carbon nitride (g-C3N4) nanosheets, the formed heterostructure showed 
an enhanced degradation activity towards methyl orange under visible light 
illumination. An exciton-related pathway was proposed to explain the promoted 
reducing power of the surface hydrides upon irradiation with or without the 
participation of g-C3N4. In general, this work highlighted the potentiality of H-terminated 
mesoporous silicon in photocatalytic applications and deepened the understanding of 
its photocatalytic mechanism and degradation behaviour for future exploration of 
porous silicon-based photocatalysts. 
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Chapter 1 
Introduction 
 
Abstract 
Porous materials are first described in three fundamental categories: micro-, meso- 
and macro-porous. Various aspects of porous silicon are overviewed including the 
general knowledge, discovery history, fabrication strategies, modifiable properties and 
various applications in catalysis, bio-related and energy storage fields. The history, 
polymer structure, synthesis and photocatalytic applications of graphitic carbon nitride 
(g-C3N4) are also reviewed. The condition of water pollution and currently available 
solutions are discussed. Given this, the objectives of this research and thesis structure 
are outlined.   
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1.1 Porous solids 
Porous solids are materials consisting of an amorphous or crystalline framework with 
void spaces, e.g. cavities, channels or interstices. Porous materials of varying structural 
features and chemical characteristics are of fundamental importance in the areas of 
science and technology. Many natural substances such as rocks and soil, biological 
tissues (diatom, butterfly, leaf etc.) as shown in Figure 1.1 can be considered as porous 
media that have shaped the world around us with their distinctive porous structures 
and functionalities. 
 
  
Figure 1.1 Overview of natural porous materials, placed alongside the length scale according to 
their critical dimensions. The SEM or OM images of original biological porous structures are 
shown from bottom to up: diatom, butterfly, wood, leaf, macaw feather, grass stem, kelp, 
coral, cotton, human bone, cuttlefish bone, and sponge. Reprinted with permission from 
ref. [1]. Copyright 2011, Wiley-VCH.1 
Chapter 1 
Introduction 
 
 
3 
Inspired by the delicate morphologies of natural substances and their various levels of 
hierarchies, a broad class of artificial organic/inorganic porous materials with various 
functionalities (acidic, basic, oxidative, reductive, inert, conducting, 
semiconducting etc.) are discovered and applied in a variety of fields, ranging from 
separation to catalysis and from energy to life sciences.2 By controlling the size of the 
pore below 100 nm, the formed porous material also referred to as nanoporous 
material has drawn extensive research interests from almost every aspect of the 
scientific community, carrying the hope of leading to the next breakthrough of human 
intelligence and technological revolution. Rationally designing the efficient structure of 
nanomaterial relative to its application is challenging but also greatly rewarding. As 
physics, computing science and engineering markedly advance, chemistry remains a 
central part of this historical nanomaterial-era. 
According to the length scale of pore dimensions, nanoporous materials are classif ied 
into three categories: materials containing pores with diameter less than 2 nm are 
called microporous material, materials with pores between 2-50 nm are typically 
termed mesoporous material, and materials with pores greater than 50 nm are called 
macroporous material.3 The characteristics of a porous material depend on not only its 
chemical composition and crystal structure, but also are defined by the structural 
morphology as illustrated in the discussion below. 
 
1.1.1 Microporous materials 
Microporous materials, such as zeolites, carbons, amorphous glasses, metal-organic 
frameworks (MOFs), covalent organic frameworks (COFs) have caught widespread 
attention owing to their practical and potential uses in catalysis, separation, gas 
storage, sensing and biological applications. For example, zeolites have been widely 
used in oil-refining industries as catalysts since the late 1950s.4-5 Zeolites are crystalline 
aluminosilicates with three-dimensional microporous structures. One of the defining 
features of zeolites is the inherent shape selectivity by its long diffusion channel 
system in molecular dimension (typically 2-8 Å).6 The shape selectivity has this 
remarkable “molecular sieving” effect, which only permits the molecules that fit inside 
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the pores to be exclusively processed by the active sites  located on the internal 
surface, as shown in Figure 1.2. One of the most famous examples is the 
shape-selective xylene isomerization catalysed by HZSM-5 zeolite, which strongly 
favours the production and outward diffusion of p-xylene, the isomer with the smallest 
dimension.7 
 
 
Figure 1.2 Unique shape selectivity imposed by zeolite structure. 
 
However, the intrinsic micropore system of conventional zeolites could also serve as 
the material’s weakness as well as the strength for allowing shape selectivity. It 
imposes a severe diffusion barrier and hence extremely limits their applications and 
efficacy in liquid phase reactions due to the restricted space inside the pores where 
most active sites reside. Different strategies have been developed to increase the 
surface availability while retaining its vital functionality. For example, by largely 
+
CH3OH  +
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reducing the crystal size to nanometre scale, more active sites are relocated on the 
external surface becoming accessible to bulky substrates that are unlikely to enter the 
micropores due to their molecular size.8 By introducing additional porosity in the 
mesopore size region (2–50 nm), a hierarchical structure can be constructed in the 
zeolite matrix which is a promising route for effectively enhancing the mass transport 
inside the porous network and largely improving their values in technological 
applications.9-10 
 
 
Figure 1.3 Schematic diagram of the accessibility of micropore and mesopore. Reprinted with 
permission from ref. [11]. Copyright 2011, Royal Society of Chemistry.11 
 
1.1.2 Mesoporous materials 
As one of the most important branches of porous materials, mesoporous materials are 
well acknowledged for the significantly improved molecular mobility in the porous 
structure over conventional microporous materials. Outstanding progress has been 
made in the development of mesoporous materials of which the chemical varieties 
have been extensively enriched over the years.12 A wide class of substances including 
silica, alumina, transitional metal compounds (e.g. oxides, sulfides, nitrides, and 
phosphates), carbon, silicon, organic polymer etc. have been sufficiently explored.13-15 
Their signature structural features such as high surface-to-volume ratio, wide range of 
mesoscale pore dimension, high accessibility, released diffusion limitation, and high 
storage capacity effectively promote their applications in various fields such as 
catalysis, immobilization, adsorption, separation, sensors, energy and life sciences that 
micropore mesopore
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were once vastly dominated by the microporous counterparts. For example, the large 
surface area of ordered mesoporous silica (OMS) that is often recognized as one of the 
most exciting discoveries in material synthesis9, is largely exploited in supporting 
functional nano-species such as metal nanoparticles used in heterogeneous catalysis 
and bio-active molecules e.g. enzymes, drugs in biological applications. 
 
1.1.3 Macroporous materials 
Although above-mentioned mesoporous materials are very capable of providing easier 
access with lower resistance for guest species, in viscous systems or in the presence of 
very large molecules, very slow diffusion rate could still be resulted. 
Thus, macroporous material with large pore size often in the range of 50 nm - 1.5 μm is 
very useful in resolving the transport limitation. Besides, macroporous materials also 
possess unique physicochemical properties. For example, their very large pore 
diameter comparable to the visible light wavelength can effectively reinforce the light 
harvesting efficiency through light scattering effect, making them ideal candidates for 
photoelectrical applications, including dye-sensitized solar cells (DSSCs), 
photoelectrochemical (PEC) cells, photocatalysis etc.16 Meanwhile, macroporous 
materials are also well known for their mechanical robustness and good thermal, 
chemical stabilities. However, a significant setback induced by the hollow structure 
and large inner voids is the inherent low interface area owned by macroporous 
materials, profoundly limiting their efficiency in various applications.17-20 Many efforts 
have thus been made in increasing the specific surface area of macroporous structures 
by growing secondary building blocks onto the macroporous framework, such as low 
dimensional nanoparticles, nanowires, nanorods, etc.21-22 
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1.1.4 Hierarchically structured porous materials  
Materials with hierarchical porous structures, whose pores exist on different length 
scales from micro to meso to macro, have been explored to improve the efficiency of 
conventional micro-/meso-/macroporous materials.10 By integrating the morphological 
advantages on different micro-, meso- and macroscopic levels, the hierarchically 
porous materials would offer a desirable combination of high internal surface areas 
and convenient molecular transport.23 Therefore, it is expected to propel the 
development of functional porous materials with remarkable properties for a wide 
variety of emerging applications.24 However, the ability to engineer the hierarchy, 
morphology and chemical composition of the porous materials at different length 
scales is still very limited and insufficiently reproducible. As a result, simple porous 
systems are still largely relied on in practical applications and mechanistic studies. 
Through investigating the relationship between synthesis/processing, 
structure/composition, and properties, the performance of nanoporous materials can 
be optimized. 
 
 
Figure 1.4 The interrelationship among synthesis/processing, structure/composition, 
properties, and performance. 
 
 
Performance
Properties
Structure/
Composition
Synthesis/
Processing
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1.2 Porous silicon 
1.2.1 Background of porous silicon 
Silicon (Si) was discovered by Jöns Jacob Berzelius, a Swedish chemist, in 1824 by 
heating chips of potassium in a silica container and then carefully washing away the 
residual by-products. The origin of the name is from the Latin “silex” or “silicis” which 
means flint. Silicon is the seventh most abundant element in the universe and the 
second most abundant element in the Earth’s crust, constituting 27.7% of the Earth’s 
crust by mass, which is only second to oxygen. The natural forms of Si are principally 
found as silicon oxides (SiO2) or silicates in various minerals such as sand, rock, flint, 
clay and in photosynthesising algae called diatoms. Alongside the daily uses of Si-
containing glass and silicon rubber etc., Si is also the material foundation of solid-state 
electronic devices, marking crystalline Si as the most commonly used semiconductor 
by far. Pure crystalline Si has a diamond cubic crystal structure of which the unit cell is 
displayed in Figure 1.5. Every Si atom within the crystal lattice has four nearest 
neighboring atoms. The length of Si-Si covalent bond is 2.35 Å and the strength is 
226 kJ·mol-1.25 The lattice constant (a) is 5.431 Å. 
 
 
Figure 1.5 The diamond cubic crystal structure of Si. 
a
(100)
[100]
[010]
[001]
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Porous silicon (pSi) is a form of solid silicon that contains small channels connecting to 
the surface and running within the matrix. It has become one of the most popular 
porous materials available to date because of its outstanding and unique set of 
physiochemical properties. According to IUPAC recommendations, it can be classified 
as microporous silicon (< 2 nm), mesoporous silicon (2-50 nm) and classical 
macroporous silicon (> 50 nm) based on the length scale of pore dimension.26 Although 
in the pSi literature these terms have often been loosely applied to pSi as opposed to 
the strict criteria used in describing porous carbon, silica mentioned in 1.1.  
Together with one-dimensional Si nanowires (Si NWs) and zero-dimensional Si 
nanoparticles or quantum dots (QDs), silicon nanostructures have become a research 
hot point in recent years known as the most important semiconductor materials. 
Fundamental properties, such as environmental benignity, earth abundancy, cost-
competitiveness, non-toxicity, and bio-degradability significantly promote the 
development of porous silicon and other nanostructured Si materials  in 
optoelectronics, sensing, energy storage and bio-medical applications in which many 
other characteristics also play an important part, such as size-dependent optical 
properties, sensibility, compatibility with the existing microelectronic industry and 
convenient surface chemistry. 
 
1.2.2 Outline history of porous silicon 
Porous silicon was accidentally discovered by the Uhlirs at Bell Labs, USA in the 
mid-1950s when carrying out electropolishing experiments.27 Instead of a shiny 
smooth surface as expected, they observed the generation of hydrogen gas in the 
HF-based solution and the etched surface developed “a matte black, brown or red 
deposit”, as shown in Figure 1.6. However, presuming this was silicon oxide, the 
interesting finding was just reported as a technical note without further investigation 
at that time. It was  not until 1970s and 1980s, porous silicon became a material of 
interest as the high surface area was used as a model in spectroscopic studies of 
crystalline silicon surface and as a precursor to generate thick oxide layers on silicon.  
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Figure 1.6 Image of various pSi samples prepared at different etching conditions. Reprinted 
with permission from ref. [32]. Copyright, 2015. Hernández-Montelongo, Muñoz-Noval, 
García-Ruíz, Torres-Costa, Martín-Palma and Manso-Silván.28 
 
The interest exploded after the landmark discovery made by Canham, Gösele and 
Lehmann in the early 1990s when they observed the bright red-orange 
photoluminescence at room temperature from silicon nanoparticles embedded within 
the porous structure,29-30 leading to intensive focus on creating porous silicon-based 
optoelectronics. However, the progress was not very impressive because of the low 
electroluminescence efficiency.31-32 
In 1999, laser adsorption/ionization on pSi was first observed, implying its possible 
application in mass spectrometry.33 In 2001, the ability of photoexcited pSi to generate 
singlet oxygen in solution was discovered, which makes it a good photosensitizer and 
promising candidate for cancer theranostics.34 More recently, remarkable progress in 
exploiting pSi as metal nanoparticles substrate used in surface enhanced Raman 
spectroscopy (SERS),35-38 as photonic crystal sensor,39-41 as photoactive material in 
converting solar energy,42-50 as anodic material for rechargeable 
Lithium-ion battery,51-56 as bio-imaging agent and drug delivery vehicle57-61 have been 
achieved by worldwide studies, which have significantly promoted the application of 
porous silicon in many other areas and also inspired the work of ours.  
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1.2.3 Fabrication of porous silicon 
A variety of preparation methods have been developed to fabricate porous silicon with 
diverse morphologies and surface topographies, which can be divided into two main 
categories, known as top-down and bottom-up approaches.  
Top–down approaches include various etching-based methods with the use of a 
homogeneous, macroscopic Si precursor, such as single-crystalline Si wafer that is 
often employed in an electrochemical etching method, notably the most popular 
method for Si porosification.62 Using a combination of lithography, deposition and 
etching steps, a number of alternative top-down methods have also been developed 
which include stain etching,63 metal-assisted chemical etching (MACE),64-66 reactive 
ion etching (RIE),67 and laser ablation.68 Among them, the MACE method is widely 
employed for its simplicity and controllability in preparing pSi and more often Si NWs.  
Alternatively, porous silicon can also be generated through various bottom-up 
approaches such as thermal annealing,69 magnesiothermic reduction,51, 70-71 
magnetron sputtering,72 and ion implantation.73 In contrast to the top-down routes 
that use sculpting or etching to carve structures from a large piece of Si material, 
bottom-up methods are usually template-assisted and grow the porous structure from 
Si atoms and Si-based molecules (e.g. silica, silane, silicon halides) in an additive 
manner. For example, by varying the microscopic structure of silica template, pSi with 
well-controlled 3D morphology can be readily synthesised through the 
shape-preserving magnesiothermic reduction method. 
 
1.2.3.1 Electrochemical etching 
Among all the preparation methods, electrochemical etching is the most popular for 
pSi preparation. It is simple, low-cost, versatile, therefore applied successfully across 
physics, chemistry, engineering and material sciences.74 As a classic top-down method, 
pSi with wide ranges of morphologies and porosities can be reproducibly attained by 
anodic etching Si crystal in hydrofluoric acid (HF) containing electrolyte solution in 
electrochemical cell under an external bias voltage.  
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Normally, silicon does not dissolve but if an external current flows through the system, 
electrochemical etching will occur. This means that a specific chemical redox reaction 
occurs at the Si/solution interface the nature of which is fundamental to the 
electrochemical formation of pSi. Figure 1.7 shows the typical current-voltage (I–V) 
curve for Si in aqueous HF. Although the exact I, V values vary upon the Si wafer 
properties and electrolyte concentration, the main shape of the curve remains 
consistent. At high anodic overpotentials, the Si surface is subject to electropolishing 
and retains a smooth and planar morphology. In contrast, under low anodic 
polarization, channels that penetrate deeply into the solid crystal dominate the surface 
morphology.32, 75 From the initial exponential rise of the I-V curve to the first small 
peak which is known as electropolishing current (Jps), lies the formation regime for pSi. 
 
 
Figure 1.7 Characteristic I–V curve for moderately doped p-type silicon in 1% HF electrolyte. 
Reprinted with permission from ref. [76]. Copyright 2012, Wiley-VCH.76 
 
During pSi formation, two electrons per dissolved Si atom participate in the interfacial 
charge transfer, while the remaining two of the total four available electrons undergo 
a corrosive hydrogen generation. The occurring anodic semi-reaction during pSi 
formation is shown below (Equation 1.1). 
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Equation 1.1 
 
 
 
Figure 1.8 Silicon dissolution scheme proposed by Lehmann and Gösele. Reprinted with 
permission from ref. [77]. Copyright 2000, Elsevier Science B.V.77 
 
This two-electron electrochemical reaction and the resulting silicon surface change 
were further explained in the dissolution mechanism proposed by Lehmann and 
Gösele, which is so far the most accepted (Figure 1.8).30 The oxidizing equivalents that 
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start the electrochemical dissolution and pore formation are valence band holes  (h+), 
driven to the surface by the applied electric field and by charge diffusion. The 
migration of charge carriers is preferentially directed towards the pore bottoms 
because of the enhanced electric field at pore tips that have the smallest radius of 
curvature. Once a hole makes it to a surface Si atom, the atom is susceptible to attack 
by nucleophilic F- in the solution. As a result, pore walls which are sufficiently distant 
from the tips are largely passivated, therefore pores are generated in the silicon crystal 
and propagate through time.76 
In summary, the supply of valence band holes at the surface, the presence of active 
pore tips, and the external current density which should be lower than the 
electropolishing critical value (Jps) are the basic requirements to be fulfilled for the 
occurrence of electrochemical pore formation.78 By altering anodization conditions, 
the structural features of pSi are adjustable with relative ease.74 Meanwhile, the 
properties of initial Si wafer subjected to electrochemical etching also matter to the 
resultant porous structure greatly. 
 
1.2.3.2 Metal-assisted chemical etching 
Metal-assisted chemical etching (MACE) is a recently developed anisotropic 
wet-etching method.79 In the presence of HF and an oxidative agent, catalysed by 
noble metals (Pt, Pd, Au, Ag), silicon can be etched to form required structures such as 
1D Si NWs80 and 3D pSi81 with various morphologies. Compared to the anisotropic 
nature of electrochemical etching along the [100] direction (Figure 1.5), the etching 
direction in MACE can be controlled on the [100] and non-[100] directions.62 
During deposition, a compound containing metal ions, such as AgNO3 or HAuCl4, is 
added to a HF-H2O2 solution. Upon attachment to the silicon substrate, noble metal 
ions acquire electrons (e-) from the silicon valence band (VB) and are reduced to form 
seed nuclei, which develop into nanoparticles. Concurrently, these ions inject holes 
underneath the silicon causing oxidation into SiO or SiO2, which are then removed by 
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HF etchant. By the continuous formation of silicon oxide underneath the metal 
particles and the corresponding removal action by the HF, the metal particles sink into 
the silicon and create porous structures (Figure 1.9). Once the desired surface 
structures are created, the metal nanoparticles can be removed by HNO3, followed by 
a cleaning process.82 
MACE-fabricated pSi structure often has a black look, suggesting an improved 
antireflection and light trapping property that can be exploited in enhancing the solar 
cell efficiency in PV industry.83 It is also being intensively applied in the preparation of 
Si-based anodic material used in Li-ion batteries.84 However, as the homogeneity of 
the initial metal deposition in size and place distribution is usually quite poor, the level 
of control is relatively limited.66 
 
 
Figure 1.9 An illustration of the metal-assisted chemical etch process: (1) the reduction of an 
oxidative agent (such as H2O2) catalysed by a noble metal particle; (2) the injection of the holes 
generated during the reduction reaction, into the silicon substrate, with the highest hole 
concentration underneath the metal particle; (3) the migration of holes to silicon sidewalls and 
surfaces; and (4) the removal of oxidized silicon via HF. Reprinted from ref. [82] - Published by 
The Royal Society of Chemistry.82 
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1.2.3.3 In-situ magnesiothermic reduction 
 
                                 Equation 1.2 
 
As Equation 1.2 points out, when magnesium powder (Mg) and silica powder are well 
mixed and heated above 650°C under inert atmosphere, the melting temperature 
of Mg, silica can be converted into silicon replicas with identical porous network.70 In 
contrast to the conventional carbothermal reduction of silica, which operates at 
temperatures above 1500°C,85 the magnesiothermic reaction takes place at much 
lower temperature region thus preserves the complex structure of silica in the final 
pSi product. Another advantage of this method is that a vast range of artificial and 
natural silica (diatom frustule,70 rice husk,86 etc.) can be transformed into pSi 
nanostructures via this strategy. Owing to the simplicity and versatility, 
magnesiothermic reduction has been used in diverse applications such as sensor,87 
bio-medical therapy,88 Li-ion batteries51 and photocatalysis46.  
However, magnesiothermic reduction has a critical limitation caused by unavoidable 
incomplete reduction that results in low yield of pSi. In order to force silica reduction 
to completion, a substantial excess of Mg powder is often required which leads to 
degradation or even collapse of the structure by further reacting with the as-generated 
silicon to form magnesium silicide (Mg2Si) at high temperatures (Equation 1.3).85, 89 
 
Equation 1.3 
 
 
 
 
 
2MgO (s) + Si (s)2Mg (g) + SiO2 (s)
∆ 
650 °C
2Mg (g) + Si (s)
∆ 
Mg2Si (s)
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1.2.4 Modification of porous silicon 
As mentioned above porous silicon can be produced via various synthetic approaches 
of which each of the capability and speciality is also reflected on the resultant porous 
structure, distinguishing in various aspects such as the structural morphology, shape, 
surface chemistry and chemical composition. However, in many cases the as-formed 
properties are not ideal, thus a range of physical and chemical post-treatments can be 
applied in adjusting these crucial factors separately or collectively.  
 
1.2.4.1 Morphological modification of porous silicon 
Morphological control of porous material is vitally important in realizing its 
functionality as known from the previous discussion about porous solids in 1.1. The 
characteristics of a nanoporous material are deeply interlocked with its surface and 
pore properties, depending on the size, geometry and connectivity of the pores. As 
well as largely determined by the used preparation method and Si precursor, they can 
also be tailored to meet the needs of the application via tuning the synthesis 
parameters, which affect the formation process of porous silicon significantly.  
For example, the morphological properties of electrochemically etched porous silicon 
can be adjusted effectively by changing the etching conditions, or 
electrolyte compositions.90 Meanwhile the crystal orientation and doping conditions of 
Si wafer also have strong influence on the final structure.91 As these variables are 
standardised and well-controlled, this endows electrochemical etching method 
superior advantages over other methods which is also contributed by the fact that the 
pore formation is largely defined by the pre-determined conditions.92 For p-type Si 
wafer with doping density 1 × 1017 cm-3, the porosity of porous silicon can be adjusted 
from 60% to 80% by increasing the etching current density from 3 to 300 mA·cm-2.93 As 
found in another study of p-type Si wafer with a resistivity range of 9.0-13.0 Ω·cm, the 
measured macropore diameter is proportional to the square root of etching 
current density.94 The following example clearly highlights the effect of dopant on pore 
texture in porous silicon films. Under the same conditions of current density 
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(50 mA·cm-2), etching time (300 s), and electrolyte composition (3:1 
aqueous HF: ethanol), Figure 1.10A shows the cross-section SEM image of porous 
silicon made from a (100)-orientated n-type Si wafer, featured by parallel macropores. 
While for a (100)-orientated p-type Si wafer, porous silicon is densely packed with 
small pores that are too small to be resolved properly in the image (Figure 1.10B).76 
 
 
Figure 1.10 Cross-section SEM images of porous silicon prepared via electrochemical etching of 
n-type (A) and p-type (B) Si wafer. Reprinted with permission from ref. [76]. Copyright 2012, 
Wiley-VCH.76 
 
It is often of interest to generate porous silicon with a high surface area in many 
applications that potentially involve interfacial interactions, such as optoelectronics, 
catalysis, drug delivery systems, and lithium-ion batteries. Since macroporous silicon 
has an inherently low surface-to-volume ratio, efforts have mainly been focused on 
developing micro-/mesoporous silicon structures. Ruike et al. reported a finely porous 
meso-structure of Si prepared from a lightly boron-doped (dopant density 7×1014/cm3) 
crystalline Si wafer by anodization (10 mA·cm-2) in mildly concentrated HF solution 
exhibited a specific surface area of 590 m2·g-1 and mean pore size around 3.1 nm.95 A 
similar value of surface area was also reported in a later study which achieved 
570 m2·g-1 in amorphous mesoporous silicon from a sodiothermically reduced silica 
template (NaY zeolite) with pore size distribution centred at 11.2 nm, further leading 
to a high supercapacitive performance.96 Another bottom-up self-templating synthesis 
A B
Chapter 1 
Introduction 
 
 
19 
of mesoporous crystalline Si from a gaseous precursor (SiCl4) was also developed which 
shows high surface area up to 580 m2·g-1 and enhanced photocatalytic efficiency in 
hydrogen generation.48 By adding different additives (hydrochloric acid, sulphuric acid, 
ammonium dodecyl sulfate) into the HF containing electrolyte, highly porous silicon 
film with 1125 m2·g-1 (pore diameter 4.2 nm) and pSi particles with 864 m2·g-1 (pore 
size in 2.8 - 3.2 nm region) were obtained on p-type Si wafer with resistivity 1 - 5 Ω·cm 
through electrochemical etching and supercritical drying with CO2 solvent in order to 
maintain the integrity of the etched micro-/mesoporosity during electrolyte 
removal.97-98 
 
1.2.4.2 Shape modification of porous silicon 
The natural form of porous silicon produced by bottom-up approaches is usually 
powder-like particles. In contrast, as crystalline Si wafers are often employed as 
precursor in etching-based approaches in the preparation of porous silicon, as -etched 
porous silicon is often supported by the unetched part of the Si wafer in the form of 
porous thin film, a continuous bulky phase that can also be “lifted off” the substrate. 
As an advantage, the chip-bound shape could open up the opportunities of porous 
silicon prepared by top-down methods to be utilized in microelectromechanical 
systems (MEMS) applications, especially the electrochemical etching method for its 
excellent controllability.  
For broader uses, porous silicon microparticles and nanoparticles are also 
desirable.99-100 Common methods to prepare them involve physical grinding, 
ball-milling101-103 or ultrasonication.104-106 Since the resulting particle size distribution is 
relatively broad, extra sieving step is often required. With the emergence of various 
new post-treatments, such as pulsed electrochemical etching,103, 107 
high-pressure microfluidization,108 the yield of porous silicon nanoparticles can be 
further improved with greater size control. 
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1.2.4.3 Surface modification of porous silicon 
 
 
Figure 1.11 Schematic diagram of the silicon hydrides (SiH, SiH2 and SiH3) formed on the 
surface of as-etched porous silicon. 
 
Porous silicon outscores many other nanostructured Si for its unique porous structure 
and large surface area, which means the surface properties are as important as the 
bulk properties. In general, the surface of porous silicon fabricated by etching -based 
approaches is often populated with Si-H bonds, as shown in Figure 1.11, resulting in a 
hydride-passivated surface environment. These hydrides species are metastable and 
thus can be transformed through various ways of oxidation, carbonization, 
hydrosilylation, to enhance the stability,109-110 modify the surface 
hydrophobicity/hydrophilicity,111-112 adjust the porous structure113-115 or 
optical properties116-117 and to functionalize pSi with useful features via ligand grafting 
which include alkene, alkyne, aldehyde etc.118-119 As a result, the surface chemistry of 
porous silicon has been profoundly enriched which facilitates the development of 
porous silicon-based multicomponent and multifunctional systems.  
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1.2.5 Applications of porous silicon 
Due to the unique morphological structure and surface functionality, porous silicon is 
widely applied in a broad range of fields of which a glimpse can be caught in the 
discussion above in 1.2.2. Here, three potential applications that are attracting 
increasing research attentions are described.  
 
1.2.5.1 Heterogeneous catalysis 
The large surface-to-volume ratio, open porous network, unique surface chemistry, 
and semiconducting properties of pSi provide a solid structural basis for the material to 
be utilized in catalytic/photocatalytic conversions as inert catalyst substrate or as 
active photocatalyst. 
 
1.2.5.1.1 Porous silicon as catalyst support  
As we know in heterogeneous catalysis, the catalyst support has huge influences on 
the catalytic performance and catalyst lifetime. A high specific surface area is greatly 
appreciated, as that would improve the dispersity and stability of active catalysts, 
increase the loading capacity, and exposes more reaction sites on the catalyst surfaces. 
Much work have been dedicated to this area by making use of nanostructured Si, e.g. 
Si NWs,120-122 pSi123-126 in anchoring active catalyst/photocatalyst species, most 
commonly metal nanoparticles (e.g. Ag, Cu, Pt, Au), for the reduction of 
nitroaromatics,125-126 CO oxidation,124 selective oxidation of hydrocarbons127-128 and 
ethanol steaming reforming etc.123 Apart from the structural advantages, the 
SiHx species on the surface of pSi also enable the in-situ reduction of metal ions into 
metallic catalyst without the need for additional reducing agent.125-126, 128 As a 
semiconductor, pSi may also influence the electronic state of metal clusters through 
exciton-plasmon interaction and consequently affects the catalytic activity.125 
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1.2.5.1.2 Porous silicon as photocatalyst 
The sun delivers about 3 × 1024 J of energy to the Earth’s surface per year, which is 
about 4 orders of magnitude larger than the energy annually consumed by humans all 
over the world. Visible light (400-700 nm) accounts for 43% of the solar energy that 
reaches the surface of the Earth while UV light (290-400 nm) only compose less than 
5% of the incident solar energy. Thus, much work in recent years have been devoted to 
developing advanced materials for harvesting the visible light energy to drive 
photochemical reactions. Promoted by the wide applications of Si in photovoltaic cells 
and the emergence of various nanostructures, silicon-based photocatalysts have been 
greatly developed in recent years.50 
 
 
Figure 1.12 Diagram of the band structure of semiconductor with electron excitation. 
 
As shown in Figure 1.12, the ability of harvesting incident photons is determined by 
the bandgap (Eg) of semiconductor, which means the energy gap between the 
maximum of the valence band (VB) and the minimum of the conduction band (CB). 
Bulk crystalline Si with a diamond cubic structure has an indirect bandgap of around 
1.1 eV which means a broad light absorption up to 1100 nm of the solar spectrum 
(Figure 1.13), making it a promising candidate in utilizing the solar energy. However, 
the narrow band gap of bare Si also implies very close band edges that limits its 
photocatalytic applications. The reductive and oxidative capacities of photogenerated 
electrons and holes are dependent on the band potential of CB and VB respectively. 
CB
VB
hν
- --
+ ++
E
Eg
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Through nanoscaling, the energy difference between CB and VB can be increased 
effectively, leading to a better photoredox capability.  
 
 
Figure 1.13 AM1.5 solar spectrum, together with a graph that indicates the solar energy 
absorbed in a 2-μm-thick crystalline Si film (assuming single-pass absorption and no reflection). 
Reprinted with permission from ref. [129]. Copyright 2010, Nature Publishing Group.129 
 
Due to the quantum confinement caused by the Si nanocrystallites formed on the 
porous framework, the bandgap energy of electrochemically etched pSi is effectively 
enlarged to 1.8-2.2 eV.47 As a result, visible light photons with energies equal to and 
higher than the bandgap level can be absorbed by porous silicon resulting in the 
excitation of electrons from the valence band to the conduction band by overcoming 
the transition barrier. After the charge separation, the photoexcited electrons (e-) and 
holes (h+) then migrate to the surfaces of pSi from the inner bulk phase and are 
donated to substrate molecules in liquid phase which results in interfacial charge 
transfer and half reaction of reduction and/or oxidation. The reductive and oxidative 
capacities of photogenerated electrons and holes are dependent on the band potential 
of CB and VB respectively. As seen in Figure 1.14, the above mentioned charge transfer 
pathway is among various other possibilities of photoinduced charge recombination 
which can be generally divided as non-radiative recombination and radiative 
recombination, the latter of which gives rise to the light emitting property of porous 
silicon, as further illustrated in 1.2.5.2.  
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Figure 1.14 Schematic diagram depicting the radiative and non-radiative recombination 
pathways available to a Si nanocrystallite in porous silicon. Reprinted with permission from 
ref. [60]. Copyright 2009, Wiley-VCH.60 
 
As earth-abundant, metal-free and visible-light responsive, Si-based photocatalysts 
(pSi, Si NWs, Si nanoparticles etc.) have drawn widespread attention in fuel 
production, organic synthesis, waste treatment and environmental 
remediation.42-46, 48-49, 122, 130-147 Mao et al. reported the electrochemically etched Si 
electrodes exhibit higher energy conversion efficiencies than Si electrodes due to the 
formation of a pSi layer which suppressed charge recombination at the Si/electrolyte 
interface and stabilizes the electrodes against photocorrosion.148 As good 
photosensitizers, pSi and Si nanocrystals are also used in generating singlet oxygen.34 
The photocatalytic ability of Si NWs and Si QDs in CO2 photoreduction,130, 140 water 
splitting,47, 134, 137, 139  aqueous dye degradation (methyl red,130, 144, 146 
rhodamine B,131, 145 indigo carmine,132 rose Bengal,136 methylene blue,134 methyl 
orange43), selective oxidation of benzene,130, 146 benzoic alcohol,131 and reduction of 
Cr (VI)135 under visible light irradiation have also been demonstrated in various studies. 
One of the studies on Si QDs suggests a size-dependent photocatalytic activity for 
different reactions as 1-2 nm Si QDs is capable in degrading methyl red and reducing 
CO2 while 3-4 nm Si QDs shows little activity (Figure 1.15). This was explained by the 
authors that the former QDs have more energy to induce those photochemical 
reactions than the latter ones due to the wider band gap.130 Another study comparing 
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the photocatalytic performance of porous Si NWs and nonporous Si NWs prepared 
with MACE method in methyl red photodegradation shows nanoporous Si NWs have 
better photocatalytic activity as a result of the higher surface area, pore volume and 
stronger light absorption.144 As implied, by controlling the surface and band gap of 
nanostructured Si, more efficient Si NWs, QDs-based photocatalyst can be developed. 
 
 
Figure 1.15 Different diameter Si QDs for different reactions. Reprinted with permission from 
ref. [130]. Copyright 2007, American Chemical Society.130 
 
While the physical structure is not much of a concern for the low dimensional Si QDs 
and NWs which is also one of the reasons why their photocatalytic applications are 
mostly investigated, porous silicon has much more complex micro- and nano-structural 
features in terms of internal/external surfaces, pore size, pore interconnectivity, pore 
volume and the size distribution of Si nanocrystallites on the pore walls. 
Understandably, these factors not only affect the electronic band structure and optical 
properties of pSi but also have huge influences on the photochemical reaction kinetics 
by regulating the absorption and diffusion behaviours of reactant molecules. 
Compared to the widely studied Si QDs and NWs, the photocatalytic performance of 
pSi and pSi-based materials have been less intensively investigated despite the larger 
surface area that it possesses. A very broad absorption across the entire UV, visible 
light and near-IR range was widely recorded in a number of pSi research49, 149-150 which 
is partly due to the existence of a wide spread of band gaps, as demonstrated by the 
large and inhomogeneous lineshape of its visible emission band.77 Further studies 
suggest the light absorption in water can be further enhanced by the nanoporous 
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structure by providing broadband anti-reflection which improves the photon 
conversion efficiency (Figure 1.16).151 The visible-light-driven activities in solar 
water splitting,47-48 photodegradation of methyl orange,44 phenol,49 nitroaromatics, 
CO2 reduction152 have been broadly discussed in literature, exhibiting a promising 
potentiality in H2 generation, pollution control and water purification under visible 
light irradiation which can be further promoted by increasing the surface area or 
adjusting the porous structure. 
 
 
Figure 1.16 The measured total hemispherical optical reflectance of polished and nanoporous 
Si in air, and the calculated reflectance of polished Si in water. Nanoporous Si shows 
broadband anti-reflection properties with optical reflectance < 2% over whole solar spectrum. 
The polished Si reflects about 25% of sunlight at the Si–water interface. Reprinted with 
permission from ref. [151]. Copyright 2011, Royal Society of Chemistry.151 
 
Although the actual photocatalytic mechanisms of Si QDs, Si NWs and pSi are still 
largely unknown, some insights have already been shed on the importance of the 
surface termination. In the study carried out by Shao et al., hydrogen-terminated 
Si NWs exhibited even better photocatalytic activity than Pd-, Au-, Rh- or Ag-modified 
ones in the degradation of rhodamine B which was ascribed to the effect of hydrogen 
termination on accelerating photoexcited electrons and holes separation.131 Similar 
effects were also proposed in other research in explaining the photocatalytic 
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behaviours of H-terminated Si QDs, Si NWs and pSi. As Megouda et al. reported, the 
significance of surface hydrides was also shown in the control experiment of oxidized 
Si NWs of which the photocatalytic activity in photodegradation of rhodamine B was 
much lower than that of the hydrogenated sample.145 Since a hydrogen atom has a 
large Pauling electron negative value of 2.2, this effect is attributed to the 
electron-deficiency of H atoms in surface hydrides (SiHx), which may serve as an 
electron sink to improve charge separation.145 Meanwhile, by washing with HF, it was 
found that the HF-treated Si NWs are more efficient than the as-synthesized ones 
because of the increased H surface coverage in addition to the original ones.144 A 
closer look at the nature of surface species provided by Liu et al. confirms the strong 
dependence of photocatalytic activity of Si NWs on the surface hydrides, which was 
revealed as a dynamic interplay of charge distribution and surface reactions. As Si-H 
can not only trap photoexcited electrons from the bulk but also undergoes bond 
cleavage in forming H2 gas in the water splitting process. In the meantime, the Si-OH 
formed on the surface enters into competition with Si-H on the electron extraction, 
hindering the H2 generation.137 
On the other hand, in the study performed by Kang et al., H-terminated Si QDs were 
catalytically inactive in the first 2 hours of the photochemical reaction and gradually 
recovered their photocatalytic capability in benzene hydroxylation after being oxidized 
to Si/SiOx core-shell structure which was interpreted as the assistance of SiOx in the 
process of the generation of active oxygen species. Another paper also demonstrated 
that the hydrogen termination was not a prerequisite for the degradation activity of 
Si NWs in the degradation of indigo carmine.153 
As mentioned in 1.2.4.3, surface modification of pSi can be conducted through ligand 
grafting by bridging with the surface hydrides. In fact, pSi is also employed as reducing 
agent in converting CO2152, 154, nitrobenzene derivatives etc.155 The reactivity of Si-H is 
also documented in several photocatalysis experiments as dye molecules (e.g. 
methyl red, methyl orange, and methylene blue) were reduced in the absence of light 
presumably through hydrogen transfer although how the photocatalytic pathway 
would be affected by this event was not explored further.44-45, 144, 156 Another 
important fact to be considered is that the hydrogen function is also known to be 
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affected by various external factors (UV laser,157 ultrasonic agitation,158 heat,159 
energetic ion160) and varied by the surface topography of nanostructured Si as 
well.118, 161 
 
1.2.5.2 Biomedical applications of porous silicon 
A clear advantage of Si materials applied in biological research is their natural 
biocompatibility, biodegradability and bioresorbability.162-163 Promoted by the high 
surface area, unique porous structure and adjustable surface functionalities , porous 
silicon has embraced remarkable success acting as a drug delivery vector used in 
cancer treatment, featuring a high drug loading, controlled and 
sustained release.99, 164-165 As indicated in Figure 1.14, porous silicon can also emit 
tuneable photoluminescence at room temperature through radiative recombination of 
photoexcited electrons and holes which has prompted a vast number of studies on the 
development of cell imaging agents61, 166 and photoluminescence-based 
biosensors.60, 167 Also inspired by the photoactivity, the use of pSi in photothermo- and 
photodynamic therapies has received increasing attention.100, 168-169 
 
1.2.5.3 Energy storage applications of porous silicon 
Taking advantage of the high theoretical specific capacity of silicon (4200 mAh·g-1) and 
the anti-pulverization ability endowed by the void spaces in the porous structure, 
porous silicon has been extensively explored as anode material for the next generation 
of lithium-ion batteries, with improved capacity and cycling performance 
as reported.53-55, 71, 170 Although this application is also structure-sensitive, the basic 
requirement is mainly about the voids inside pSi to accommodate the drastic volume 
expansion during Li+ insertion and extraction. Thus, the magnesiothermic reduction 
approach is widely adopted for pSi preparation in battery research for its versatility 
and cost effectiveness.171-175 
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1.3 Graphitic carbon nitride materials 
Ever since the defining moment of the isolation of graphene from graphite in 2004,176 
a wide spectrum of two-dimensional (2D) nanomaterials including graphene177-179 and 
non-graphene layered materials such as transitional-metal dichalcogenides180-182 and 
hexagonal boron nitride (h-BN)183 have attracted tremendous interests because of the 
new functionalities and applications that emerge upon 2D confinement.184 A significant 
amount of effort has in particular been devoted to the development of 2D graphitic 
carbon nitride (g-C3N4) which has shown promising prospects in various fields of 
energy applications, light-emitting and sensing etc.185-191 
 
1.3.1 General background of graphitic carbon nitride 
Carbon nitrides (C3N4), is a subclass of covalent organic frameworks (COFs) composed 
of binary C, N-based polymeric materials.192 The first synthesis of a chain-like C3N4 
derivative, melon, was reported by Berzelius and Liebig in 1834 (Figure 1.17(d)) and it 
is regarded as one of the oldest synthetic polymers in human history.193 Carbon 
nitrides can exist in several allotropes with diverse properties  including α-C3N4, β-C3N4, 
cubic-C3N4, pseudocubic-C3N4, and graphitic-C3N4.185, 194 Demonstrated by Liu et al., the 
diamond-like β-C3N4 allotrope was discovered to be of comparative hardness and low 
compressibility as that of diamond.195 While graphitic C3N4 (g-C3N4) was found to be 
energetically favoured relative to other phases and is regarded as the most stable 
allotrope of carbon nitrides under ambient conditions based on both theoretical and 
experimental studies.196-197 Besides, it has many advantages such as reliable chemical 
and thermal stability, high level of hardness, resistance to wear, bio-compatibility and 
special electronic properties due to the unique tectonic structure motif.194 Thus, it has 
attracted the focus of most carbon nitride oriented research.185, 188 
Possessing a two-dimensional (2D) layered structure, g-C3N4 can be viewed as an 
analogue of graphite, more precisely, as a high level of N-doped graphite-like 
framework consisting of a π-conjugated system through sp2 hybridized C and N atoms 
on the plane. As shown in Figure 1.17, its polymeric network (e) is formed by the 
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condensation of tri-s-triazine/heptazine (c) subunits, widely accepted as the basic 
building units, connected through planar tertiary amino groups with periodic vacancies 
in the lattice.198 As such, the electronic properties of g-C3N4 is distinctly different from 
graphite as characterised as a wide-bandgap semiconductor while graphite has 
excellent conductivity in the dimensions of the layers.  
 
 
Figure 1.17 Structures of (a) melamine, (b) melam, (c) melem, (d) melon and (e) g-C3N4 
network with tri-s-triazine as tectons. 
 
One of the main advantages of g-C3N4 is its straightforward synthesis using a cheap 
and easily available starting material. Many nitrogen-rich precursors can be thermally 
polymerized into a g-C3N4 framework through a combination of polyaddition and 
(a) (b)
(c) (d)
(e)
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polycondensation, to name just a few, such as urea,199-200 thiourea,201 cyanamide,202 
dicyandiamide,203-204 and melamine.205-206 Taken melamine as an example (Figure 1.17), 
the reaction starts with condensation of melamine (a) that eliminates ammonia and 
forms a dimer called melam (b). Melam is then converted into tri-s-triazine called 
melem (c) which forms the 2D planar structure (e) via polymerization at approximately 
520°C and stack into layered g-C3N4 through hydrogen bonds and van der Waals 
interplanar forces.194 
 
1.3.2 Photocatalytic applications of graphitic carbon nitride 
The first photocatalytic result of g-C3N4 semiconductor was published in 2009 by 
Wang et al. that revealed its photocatalytic activity in water splitting under visible 
light irradiation.207 Since then, it has attracted worldwide research interests in 
exploiting the ability in harnessing solar energy and rapidly became a “star” material of 
significant importance in various fields, such as water splitting,208 CO2 fixation,209-210 
pollutant elimination.185, 187, 211 
As limited by the low surface area (2-10 m2·g−1), poor absorption at longer wavelengths 
and poor charge mobility, much progress in recent years has been made in improving 
the photon conversion efficiency and facilitating an easier mass transfer process from 
four different directions of electronic structure modulation, crystal structure 
engineering, nanostructure design, and heterostructure construction.194 In respect of 
nanostructure design, different exfoliation strategies (e.g. thermal oxidation,212-214 
mechanical exfoliation,215-218 chemical exfoliation219-221) for synthesising 2D g-C3N4 
nanosheets have been developed and proved to be efficient in improving the 
photocatalytic performance as a result of enlarged surface area and widened 
bandgap.222 A variety of g-C3N4 based heterostructures have also emerged which can 
be categorized as: metal-free heterojunction, g-C3N4/single metal oxide (sulfide), 
g-C3N4/composite oxide, g-C3N4/halide, g-C3N4/noble metal, and g-C3N4-based complex 
system.223 As suggested by these efforts, the potential of g-C3N4 in photocatalysis is 
still not yet fulfilled and in need of new perspectives to pave the way for a greener 
future. 
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1.4 Dye pollution and elimination 
Over 10,000 different synthetic dyes are used widely in textile, pharmaceutical, 
cosmetics, paper industries, constituting one of the largest groups of organic 
compounds with serious environmental risks.224 Due to improper operation or 
accidental leakage, about 15% of the total world production of dyes up to 200,000 tons 
is lost and released into water bodies during production, storage, transportation 
and usage.225 Due to the high stability, most of these escaped dyes tend to persist in 
the natural environment, causing severe water pollution problems and ecological 
damages. 
The distinctive colour of the dye is caused by the chromophore-containing centre in its 
molecular structure that are based on diverse functional groups, such as azo, 
anthraquinone, methane, nitro, arilmethane, carbonyl etc.226 With respect to the 
number and production volumes, azo dyes are the largest group of colorants, 
dominating 60-70% of all organic dyes annually produced worldwide.227 Due to their 
toxicity and mutagenic effect, they are banned throughout the world. However, their 
uses continue today because of their low cost and other properties in food, paper, 
leather and paints. Thus, removal and treatment of azo dyes from wastewater 
presents a difficult task.  
Since the azo dyes are almost non-destructive by the conventional biological 
treatments and physical treatments are also ineffective considering the cost of 
adsorbent agents, chemical methods especially heterogeneous photocatalysts are 
significantly important as the solution to the existing and future water challenges for 
various reasons. The photocatalysts are mostly made of substances that can be 
accounted as available, inexpensive and non-toxic. The removal of organic 
contaminants in aqueous systems can be done without involving other agents, and 
carried out under ambient or mild conditions. More importantly, by utilizing sunlight, 
the wastewater can be constantly cleaned by reusing the same photocatalyst. The 
elimination efficiency is therefore largely dependent on the activity and recyclability of 
photocatalyst. With the advent of more advanced nanotechnologies, more and more 
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efficient nanomaterials will be developed and contribute to the rebalance of the out-
of-balance relationship of the natural environment and human society. 
 
1.5 Research objectives 
From the discussion above, it is clear that solar energy utilization is of utmost 
importance in resolving various aspects of global challenges the world is now facing, to 
meet soaring energy demand, to tackle climate change, to solve the deteriorating 
pollution crisis and most of all, to establish a sustainable society for us all. Thus, the 
overall aim of this research is to search for an earth-abundant and eco-friendly system 
that can utilize solar energy to eliminate environmental pollutants efficiently and 
cost-effectively. 
To approach the goal, we focused on exploiting porous silicon and porous silicon-based 
heterojunctions with graphitic carbon nitride (g-C3N4). Inspired by the previous findings 
on the surface area of catalysts, the first research objective is to prepare mesoporous 
silicon with a large surface area and tuneable porous structure by an electrochemical 
etching method and understand the morphological features and physiochemical 
properties. Secondly, we are interested in the structural effects on the photocatalytic 
performance of mesoporous silicon and the photocatalytic mechanism as well. Finally, 
the combination of porous silicon and g-C3N4 nanosheets is to be investigated in the 
hope of broadening the options for greener photocatalysis. 
 
1.6 Thesis outline 
According to these three objectives, this thesis is divided into 6 chapters in total.  
Chapter 1 introduces the research background, concludes the state-of-the-art research 
progress of porous silicon and graphitic carbon nitride materials , highlights the 
importance of photocatalysis in dye degradation. 
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Chapter 2 overviews the experimental procedures for the preparation, modification, 
characterisation and photocatalytic analysis of porous silicon and graphitic carbon 
nitride materials, with a general discussion of the method principles correspondingly. 
Chapter 3 showcases the high surface area and unique morphologies of mesoporous 
silicon, implies the potential applications in heterogeneous catalysis, biomedicines and 
energy storage. 
Chapter 4 evaluates the photocatalytic activity of mesoporous silicon in dye 
degradation under visible light irradiation, reveals the varied effects of structural 
factors in reaction kinetics, and discusses  the photocatalytic behaviours and 
mechanisms of porous silicon as well. 
Chapter 5 demonstrates the performance of mesoporous silicon/graphitic carbon 
nitride nanosheets composited material in dye degradation under visible light 
irradiation. 
Chapter 6 summarizes the primary contributions of this research, and provides 
suggestions for future work in this area.  
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Abstract 
The fundamental part of our work is based on the synthesis and characterization of 
semiconductor material of interest including mesoporous silicon, graphitic carbon 
nitride (g-C3N4) and their hybrid composites. The preparation methods and related 
experimental variables used for sample production and modification are depicted in 
detail. A general discussion of the characterization techniques featured in this study is 
provided. Lastly, photocatalytic experiments and analytic methods are included. 
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2.1 Materials 
2.1.1 Silicon wafers 
Boron-doped p-type monocrystalline Si wafers were used in the electrochemical 
preparation of mesoporous silicon with various porous morphologies studied in this 
research. The wafer specifications (crystal orientation, electrical resistivity, diameter, 
thickness etc.) are summarized in Table 2.1, which includes both moderately doped and 
heavily doped Si wafers, labelled as PS and HPS respectively. 
 
 
Table 2.1 Specifications of the silicon wafers used in the preparation of mesoporous silicon. 
 PS HPS 
Dopant Boron / p-type Boron / p-type 
Orientation (100) ± 0.5 ˚ (100) ± 0.9 ˚ 
Resistivity / Ω·cm 1-10 0.001-0.01 
Diameter / mm 100 ± 0.3 100 ± 0.3  
Thickness / μm 525 ± 25 300 ± 25 
Single side polished Yes Yes 
Backside etched Yes Yes 
Manufacturer 
Compart Technology  
U.K. 
Virginia Semiconductor  
USA 
 
 
2.1.2 Chemical reagents and materials 
The chemical reagents and other materials used in this research are listed in Table 2.2. 
All chemicals were used as received unless otherwise stated. 
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Table 2.2 List of chemical reagents and materials used in this study. 
Substance Grade Source 
Acetone ≥ 99.5% Sigma-Aldrich 
Allyl mercaptan (C3H6S) 60% Sigma-Aldrich 
Calcium chloride hexahydrate 
(CaCl2·6H2O) 
98% Sigma-Aldrich 
Dichloromethane (DCM) ≥ 99.8% Sigma-Aldrich 
Diethyl ether 2% ethyl alcohol Sigma-Aldrich 
Distilled water 
Thermo Scientific NanoPure 
purification system 
Produced on site 
Ethanol (C2H5OH) ≥ 99.8% Sigma-Aldrich 
Hexane ≥ 95% Sigma-Aldrich 
Hydrofluoric acid (HF) 48-51 wt. % in water Acros Organics 
Hydrogen peroxide (H2O2) 30% (w/w) in H2O Sigma-Aldrich 
Isopropyl alcohol (C3H7OH) ≥ 99.7% Sigma-Aldrich 
Melamine (C3H6N6) 99% Sigma-Aldrich 
Methyl orange 
(C14H14N3NaO3S) 
MW 327.33 Fluka Analytical 
Potassium hydroxide (KOH) ≥ 85%, MW 56.11 Fisher Chemical 
Silicon powder 99.95%, 60 nm io-li-tec nanomaterials 
Silicon dioxide, nanopowder 
(SiO2) 
99.5%, 5-15 nm (BET) Sigma-Aldrich 
Silicone oil For oil bath (-50˚C to 200˚C) Sigma-Aldrich 
Sulfanilic acid 99% Sigma-Aldrich 
Toluene 99.8% Sigma-Aldrich 
Triethanolamine ≥ 99.0% Sigma-Aldrich 
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2.2 Experimental methods 
This section summarizes the experimental procedures with corresponding chemicals 
and apparatus related to the preparation and modification of mesoporous silicon (2.2.1) 
and graphitic carbon nitride materials (2.2.2), followed by the synthesis of the 
mesoporous silicon/graphitic carbon nitride composites as outlined in 2.2.3. 
 
2.2.1 Mesoporous silicon (mpSi) 
2.2.1.1 Preparation of mpSi by electrochemical etching 
 
The crystalline wafer (PS and HPS) was first cut into small square-shaped Si chips of 
dimensions 1.3 cm × 1.3 cm using a diamond scribe pen to match the configuration of 
the etching cell. Prior to the porosification, Si chips were first ultrasonically degreased 
in ethanol and then dipped into dilute HF/ethanol solution in a petri dish at room 
temperature to remove the insulating surface oxides.  
For each etching experiment, one so-obtained oxide-free Si chip was used. It was 
mounted at the bottom of a custom-made Teflon cell using an O-ring, along with a 
platinum plate acting as current collector. A schematic diagram of the electrochemical 
cell was presented in Scheme 2.1. This allowed about 1 cm2 of the Si wafer surface 
(polished side) to be exposed to the homogeneously mixed electrolyte solution 
composed of equivalent volume of 48-51% HF aqueous solution and absolute ethanol. 
The addition of ethanol can increase the wettability and assist the removal of H2 evolved 
at the Pt cathode thus creating a uniform porous structure on the Si chip. A tungsten (W) 
coil was placed under the Pt plate to connect with a Keithley Sourcemeter Model 2601, 
which provided a constant external current to drive the continuous etching process.  
After etching, the electrolyte solution was removed and disposed of in a waste bottle 
containing calcium chloride (CaCl2). Then the etched Si chip was carefully transferred to 
a Schlenk flask under nitrogen atmosphere and dried under vacuum for 4-6 hours at 
room temperature until all the liquid residues were completely removed. After drying, 
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the mpSi sample was stored under a nitrogen atmosphere in the same Schlenk flask to 
avoid degradation prior to use. 
 
 
Scheme 2.1 Schematic diagram of the two-electrode electrochemical etching cell employed in 
the preparation of mesoporous silicon. 
 
Table 2.3 Etching parameters of mesoporous silicon samples mainly studied in this work. 
Mesoporous  
silicon 
Etching current density (J) 
/ mA·cm-2 
Etching time (t) 
/ min 
PS-30-15 30 15 
PS-60-05 60 05 
PS-60-15 60 15 
HPS-150-05 150 05 
HPS-150-10 150 10 
HPS-200-05 200 05 
 
Etching conditions such as etching current density (J, mA·cm-2) and etching time (t, min) 
can be adjusted conveniently on Keithley Sourcemeter and a variety of mpSi materials 
were manufactured via the route above using varied J and t, named as “PS-J-t” or 
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“HPS-J-t”, representing the different Si wafer type (PS/HPS, Table 2.1) used in the 
preparation. For reference, the major mpSi samples heavily involved in this work are 
listed above in Table 2.3. 
Scheme 2.2 shows the typical “CD disk” appearance and physical dimensions of the 
as-etched mpSi layer. As mentioned above, the etched area on the Si chip was 
pre-determined by the cell configuration, as a 1.1 cm diameter circle shape. Another 
feature is the thickness (h) of the mpSi layer, which greatly depends on the exact etching 
parameters (J and t). The total volume of mpSi disk can be calculated following 
Equation 2.1.  
 
           
Scheme 2.2 Schematic diagram of as-etched mesoporous silicon formed on Si chip by 
electrochemical etching. 
 
 
Equation 2.1 
 
 
2.2.1.2 Preparation of mpSi disks and microflakes 
 
As seen in Scheme 2.3, after electrochemical etching (Step 1), mpSi was formed and it 
was processed directly by a procedure known as “lift-off” to generate a free-standing 
mpSi disk (PS/HPS-J-t-D, Step 2).1 By enlarging the pores at the pore tip, neighbouring 
pores will eventually overlap and completely undercut the mpSi layer from the wafer at 
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the bottom.2 The resulting disks were collected and sonicated into microparticles 
(PS/HPS-J-t-F, Step 3). Detailed descriptions of the processing procedures are as follows.  
 
 
Scheme 2.3 Processing routes for mesoporous silicon disks and microflakes. 
 
The electrochemical etching cell with the chip bound mpSi was refilled with dilute HF 
solution (3% by volume of 48% aqueous HF in ethanol) right after the removal of HF 
electrolyte used in the preparation of mpSi. Then 4 mA·cm-2 external current (J’) was 
supplied for 30-125 s. Once finished, the chip was lifted out of the etching cell and any 
liquid residue on the wafer surface was gently absorbed by filter papers (WhatmanTM, 
90 mm). Thereafter it was dipped into hexane to obtain the free standing mpSi disk by 
reducing the adherence to Si chip, followed by drying under vacuum for 12 hours at 
room temperature and stored under nitrogen atmosphere prior to use.  
Dried mpSi disks were then collected in a glass vial containing 10-15 mL DCM, which was 
constantly stirred using a magnetic stir bar to enhance the processing volume of the 
microtip sonicator (Apollo Electronics, output level 4). During sonication, the glass vial 
was continuously placed in ice bath to prevent heat build-up. Powdered mpSi were 
recovered after 30 min sonication by evaporating the solvent under vacuum and dried 
in a vacuum oven (Fistreem Ltd.) at 80˚C overnight. 
 
PS/HPS chip
Etching (J, t)
PS/HPS-J-t
Ultra-sonication
PS/HPS-J-t-D
1
2 3
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2.2.1.3 Surface oxidation 
 
 
 
  Scheme 2.4 Surface oxidization reaction for porous silicon oxidized by H2O2. 
 
Silicon hydrides on the surface of mpSi pores have a dramatic influence on the 
photocatalytic behaviour. In this study, H2O2 was used to quench these species, as its 
use is simple and efficient (Scheme 2.4). In a plastic petri dish or a plastic centrifuge tube 
for free standing samples, mpSi was soaked in dilute H2O2 aqueous solution (4 wt. %) 
under static condition for 2-4 hours. The treated mpSi samples (PS/HPS-J-t-[O]) were 
rinsed with ethanol and distilled water after being separated from H2O2, and dried in a 
vacuum oven at 80 ˚C overnight. 
 
2.2.1.4 Surface hydrosilylation 
 
 
Scheme 2.5 Schematic diagram of grafting allyl mercaptan onto H-terminated mesoporous 
silicon via thermal hydrosilylation reaction. 
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As proposed, allyl mercaptan (C3H5SH) was intended to be grafted onto the surface of 
mesoporous silicon because of the potential applications of thiol-functionalized mpSi in 
many areas as drug delivery vector or catalyst support.3-5 Through an addition reaction 
between Si-H bonds on the mpSi surface and the alkene group of the ligand molecules, 
Si-C bridges can be formed and hence covalently link the thiols to the silicon surface, as 
seen in Scheme 2.5. In this study, thermal energy was introduced to overcome the 
reaction barrier of which the reaction process can be interpreted as a radical 
mechanism6 as outlined in Scheme 2.6. At higher temperature, the reaction occurs 
through homolytic cleavage of a surface Si-H group to produce a silicon radical which 
immediately reacts with an olefin molecule and forms a Si-C bond which links the 
molecule onto the surface. The carbon-based radical then abstracts a hydrogen atom 
from a neighbouring Si-H group on the surface. 
 
 
Scheme 2.6 Reaction mechanism for radical-based hydrosilylation. 
 
A silicone oil bath (max 200°C) was used for heating the Schlenk flask containing mpSi 
(PS/HPS-J-t) and a mixture of toluene and allyl mercaptan. The flask was heated to reflux 
under a nitrogen atmosphere and maintained for 12-48 hours as indicated in Chapter 3. 
The mixture of toluene and allyl mercaptan with mpSi were sealed in a Teflon lined 
stainless steel autoclave (50 mL) and heated in a conventional oven (GenLab Ltd.) at 
temperatures up to 200˚C.  
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A domestic multi-mode microwave oven (Hinari, Max 800 Watt) was used to heat the 
reaction mixture contained in a borosilicate glass vial. Three power modes 
(Full/Medium/Low) are available and the Medium powder mode was used throughout 
the experiment. As shown in Figure 2.1, microwave irradiation was applied at regular 
intervals to enable the dissipation of thermal energy released under microwave field for 
safety reasons. By using professional microwave reactors designed for research 
purposes, it may not be necessary through real-time temperature control.7-9 
After each experiment, the reactor was first cooled to room temperature. The excess of 
unreacted and physisorbed reagent was removed by rinsing with diethyl ether. Samples 
were dried under a stream of N2. 
 
 
Figure 2.1 Microwave power in the microwave-assisted surface modification of mesoporous 
silicon with allyl mercaptan. For each cycle, the system was heated for 10 s under microwave 
irradiation and then the microwave irradiation was stopped for 5 s. 
 
2.2.2 Graphitic carbon nitride materials (g-C3N4) 
2.2.2.1 Synthesis of g-C3N4 bulk powders 
 
In this work, graphitic carbon nitride was synthesised through thermal polycondensation 
of melamine as reported previously.10-13 In a typical synthetic process, 2.5 g of melamine 
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was put into an alumina boat covered by Al foil and was subsequently annealed at 
T = 550˚C for 2 hours (t) at a heating rate of 10 ˚C·min-1 (∆T) in a tube furnace (Carbolite 
model CTF-121651550) in static air. After cooling to room temperature, the yellow 
coloured products were then ground into powders as shown in Figure 2.2.  
 
 
Figure 2.2 Photographs of as-synthesized graphitic carbon nitride after pyrolysis of melamine 
and grinding and its aqueous dispersion under 365 nm UV lamp at room temperature. 
 
2.2.2.2 Synthesis of g-C3N4 nanosheets 
 
As inspired by the methods employed in the delamination of layered materials (graphite, 
MoS2 etc.),14 free standing g-C3N4 nanosheets (g-C3N4 NSs) were prepared by one-pot 
exfoliation of the bulk g-C3N4 solids as obtained above through simple sonication in a 
polar solvent. Many studies devoted to this purpose often involve the pre-treatment of 
protonation by using caustic chemicals such as H2SO4,15-16 HNO3,17-18 HCl,19 H3PO420 etc. 
to assist the peeling process. Although this strategy could reduce the sonication time, 
the overall preparation time required is actually extended. Thus we simplified the 
procedure to use only a solvent, such as distilled water,21 methanol, acetone, DMSO, 
THF etc.22 to minimize the environmental impact and promote the delamination of 
g-C3N4. As revised from the previously reported approach,23 isopropanol was adopted 
as the dispersion medium here as it was found to be more efficient than water and 
acetone in our preliminary experiments.  
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Typically, 100 mg bulk g-C3N4 powders were added into 100 mL round bottom flask with 
50 mL isopropanol and then sonicated for 10 hours at ambient conditions. Then the 
suspension was centrifuged at 3000 rpm for 10 min to remove aggregated large particles, 
giving rise to a homogeneously dispersed g-C3N4 nanosheets solution with a light-yellow 
colour and can be stably stored for days. For the solid sample, the supernatant was next 
centrifuged at 14000 rpm for 10 min and re-dispersed in 25 mL H2O, and taken to a 
freeze-dryer at -80˚C under reduced pressure 10 Pa for 3 days. 
 
2.2.3 Porous silicon/carbon nitride composites (mpSi/g-C3N4 NSs) 
Free standing mesoporous silicon microflakes were fabricated following the procedures 
mentioned above in 2.2.1 and used in the preparation of mpSi/g-C3N4 NSs composite via 
liquid phase impregnation. 20 mg mpSi powders were added into 0.5 mL, 2.0 mL, 8.0 mL 
of the condensed isopropanol dispersion of g-C3N4 NSs obtained above (10 mg·mL-1) 
with subsequent addition of 9.5 mL, 8.0 mL, 2.0 mL acetone to keep a constant mixture 
volume as 10 mL. Then it was stirred overnight at room temperature before evaporating 
the organic solvent under vacuum and annealed in a conventional vacuum oven at 70˚C 
overnight. The compositional ratio of mpSi/g-C3N4 NSs composite was varied with 
m(Si):m(g-C3N4) as 4:1, 1:1 and 1:4 respectively. 
 
2.3 Characterisation techniques 
A range of imaging and spectroscopic techniques was employed to identify and 
characterise the morphological features and physiochemical properties of obtained 
materials studied in this research. The basic principles and instrumental parameters are 
described as follows. 
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2.3.1 Electron microscopy 
Electron microscopy is one of the most widely used techniques in material 
characterisation for the ability to record the physical appearance of materials up to 
atomic details. It also reveals information about the elemental composition of the 
materials by detecting the X-rays produced by the interaction of the electrons with 
sample matter. As indicated in Figure 2.3, a variety of signals can be detected and 
analysed after the incident e-beam hits the sample depending on required structural 
and compositional information.  
 
 
Figure 2.3 Detectable signals from the interaction of incident electron beam with sample 
material under investigation in electron microscopy. 
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2.3.1.1 Scanning electron microscopy (SEM) and field emission scanning electron 
microscopy (FE-SEM) 
 
By detecting the yield of secondary or backscattered electrons as a function of the 
position of the focused e-beam, the surface region of sample material can be imaged 
directly through a quick scanning.24 Due to shadowing of emitted electrons by rough 
surfaces, secondary electron images (SEI) can provide an excellent view of surface 
topography. While backscattered electron images can reveal valuable information on 
the chemical composition because of the sensitivity of backscattering to the atomic 
number of the target atoms. The elemental composition can be further measured by 
elemental analysis using energy dispersive X-ray (EDX) technique of the SEM and FE-SEM 
facilities. 
In this thesis, all plane-view and cross section images were taken mainly under SEI mode 
on a JEOL JSM 5900LV (SEM), and FEI Helios Nanolab 400S (FE-SEM). Samples were fixed 
by a double-sided adhesive carbon tape on an aluminium specimen stub specified for 
electron microscope use. The acceleration voltage was 20 kV for SEM and 5 kV for 
FE-SEM. The magnification was varied up to 10k for SEM and 500k for FE-SEM. The high 
magnification and spatial resolution of FE-SEM facilitated the observation of the very 
fine structural features of the materials. 
 
2.3.1.2 High-resolution transmission electron microscope (HRTEM) 
 
Transmission electron microscopy (TEM) is used to provide some of the most detailed 
information on the internal structure of the material. As shown in Figure 2.3, when a 
sample of interest is irradiated by e-beam, a fraction of electrons passes through it 
without suffering much energy loss. The amount of energy lost depends on the sample 
thickness under scope. An image of the sample is thus impressed into the transmitted 
electrons and is then magnified by subsequent electromagnetic lenses. Similar to SEM 
and FE-SEM, TEM can also carry out elemental analysis such as EDX analysis, and 
electron energy loss spectroscopy (EELS) on very small regions of a sample.24 It can also 
record selected area diffraction pattern (SAED analysis) which allows important 
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evaluation of the crystallinity of the specimen and determination of the 
crystallographic phases.25 While the more advanced HRTEM technique could further 
extend the imaging capability of traditional TEM and improve the data quality 
substantially by making use of the high-energy electron beams and superior atomic 
resolution.  
In this thesis, bright-field images and diffraction patterns were acquired with an 
FEI Titan 80-300 microscope equipped with a high-brightness Schottky-field emission 
electron source and working voltage of 300 kV. All mpSi samples for the TEM 
observations were prepared by suspending them in ethanol and dip-casted onto 
Cu-coated TEM grids. Particle size and interplanar spacing measurements were 
performed by using Gatan Digital Micrograph version 3.6.4. 
 
2.3.2 X-ray powder diffraction (XRD) 
Wide-angle XRD is very useful in analysing the bulk crystallinity of nanomaterials. By 
monitoring the elastic scattering of X-ray photons by atoms in a periodic lattice, 
crystallographic phases and lattice parameters can be identified according to Bragg’s law 
as expressed in the Bragg formula below.  
 
Equation 2.2 
 
In Equation 2.2, n is an integer representing the orders of the diffraction, λ is the 
wavelength of the X-ray, θ is Bragg angle, the half of the deviation of the diffracted beam, 
and d is the interplanar spacing for a lattice plane.26 
For crystal size below 100 nm, the narrow diffraction lines from perfect crystals become 
broadened due to incomplete destructive interference in scattering directions where 
the X-ray is out of phase. Thus the mean size of nanocrystallites (τ) can be calculated 
based on Scherrer’s formula (Equation 2.3).27 The width of diffraction peaks (𝛽) carries 
nl =2dsinq
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information on the dimensions of the reflecting planes related to crystal sizes. k is the 
shape factor that depends on the specific shape and size distribution of the crystalline 
cluster. In this work it was adopted as the typical value of 0.9 for spherical particles.28 
 
 
Equation 2.3 
 
In this thesis, XRD patterns were recorded on a Thermo ARL Xtra diffractometer with 
Cu Kα radiation (λ = 1.540562 Å) at 45 kV and 40 mA. All scans were made in a 2θ range 
of 30-80° with a step size of 0.01° and a step time of 1 s using aluminium sample holders. 
Scherrer calculation was performed by using MDI Jade version 5.0. 
 
2.3.3 Nitrogen adsorption-desorption isotherms 
The properties of surface area, pore size and size distribution in porous materials is 
crucial in understanding the physiochemical/optical/electrical behaviours of 
semiconductors. Among various methods for pore determination, low temperature gas 
adsorption is a popular tool in analysing the complete range of micro- and mesopores, 
which has already been successfully applied in the characterisation of a variety of porous 
solids with different morphologies and chemical compositions.29-30 It is based on 
physisorption, which is a very common general phenomenon and occurs when gas 
molecules (adsorbate) are brought into contact with the surface of a solid material 
(adsorbent) through the van der Waals forces. This process can be generally divided into 
stages that include micropore filling, monolayer-multilayer formation, pore 
condensation for typical micro-mesoporous materials.30 At a given temperature and 
adsorbate gas e.g. 77 K for N2, the gas adsorption and desorption behaviours at each of 
these stages are primarily governed by the geometrical factors of the solid sample 
investigated. Its surface and porous structure are therefore distinguishable by the shape 
t =
kl
b cosq
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of physisorption isotherms and associated hysteresis loops, defined by the IUPAC 
recommendations published in 2015.31  
In this thesis, nitrogen sorption isotherms were performed at 77 K on a Quantachrome 
Autosorb-1. Each chip of mpSi was cut into two pieces to be able to fit into the sample 
cell (inner d. 10 mm), while free standing powder samples were used directly. Before 
each measurement, samples were outgassed under vacuum at elevated temperature 
overnight to eliminate any adsorbed moisture. The specific surface area was acquired 
from the adsorption branch via the application of Brunauer-Emmett-Teller 
theory (BET).32 The traditional linear range P/P0 = 0.05 to 0.3 was adopted to derive the 
BET plot. The micropore analysis was conducted using the t-plot method. The data 
points used for this method were in the normal t-plot range P/P0 = 0.2-0.7. The 
Barrett-Joyner-Halenda (BJH) approach was used to predict the pore size distribution.33 
The total pore volume was obtained from the amount of gas adsorbed at P/P0 = 0.96. All 
the calculations were computed using Quantachrome AS1WIN version 2.11.  
The mass of as-etched pSi was evaluated by subtracting the mass of unetched silicon (m1) 
from the initial weight (m0) taken after electrochemical etching. Due to the more 
strained nature of Si-Si bond in porous structure, m1 was derived by dissolving pSi in 
dilute KOH aqueous solution (5% w/v). Both values were measured after degassing at 
150˚C under vacuum overnight by using the outgassing station with which the 
Quantachrome Autosorb-1 is equipped. 
  
2.3.4 Fourier transform infrared spectroscopy (FTIR) 
Infrared spectroscopy is a simple and sensitive spectroscopic method widely used in 
both organic and inorganic chemistry, as well as in semiconductor research. By detecting 
the position (wavenumber, cm-1) and intensity of characteristic vibrational absorption 
bands, the chemical composition can be identified. The raw data recorded is then turned 
into the actual transmittance or absorbance spectrum, by a data-processing technique 
called Fourier transform. The IR spectrum of solid-state sample can be directly collected 
as solid by using attenuated total reflectance technique (ATR). Sample is pressed against 
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the face of a single crystal (ATR crystal). The infrared radiation passes through the crystal 
and only interacts with the sample at the interface between the two materials. 
In this thesis, FTIR measurements were carried out using PerkinElmer Spectrum 400 
equipped with an ATR accessory. Each IR spectrum was averaged over 32 scans with a 
resolution of 4 cm-1. 
 
 
2.3.5 Raman scattering 
Raman spectroscopy is a fast and non-destructive tool to investigate the vibrational and 
electronic properties of materials as well as the inner stress, strain and disorders.34 By 
studying the first order Raman spectra, the crystalline, amorphous or nano-crystalline 
nature of semiconductor materials can be verified.35 The physics behind Raman 
scattering in semiconductors is based on the inelastic interaction of incident photons 
with lattice oscillations i.e. phonons, that are sensitive to internal or external 
perturbations. In crystalline materials, the Raman scattering is restricted to near zone 
centred phonons (ZCP). But in the case of nanostructured materials, other phonons also 
contribute due to phonon confinement in a finite dimension, inducing a variation in the 
line-shape of the first order Raman spectrum.36 Many studies have been carried out to 
explain the Raman spectra of various silicon nanostructures, showing a shift in the peak 
position towards lower energy accompanied by a spectral broadening.37-41 
In this thesis, Raman scattering spectra of mpSi samples were collected on Bruker 
FRA 106 spectrometer with a Ge detector (cooled with LN) and 1064 nm Nd-YAG laser 
for fluorescence-free excitation. Low laser power was maintained throughout the 
measurements to avoid local heating effects. 
 
2.3.6 X-ray photoelectron spectroscopy (XPS) 
XPS is an important surface analysis technique, based on the photoelectric effect 
revealed by Einstein in 1905. By measuring the kinetic energy of photoelectrons (Ek), 
combining with the known value of the energy of incoming X-ray photons (hλ), the 
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binding energy of each of the emitted electron (Eb) can be determined using  
Equation 2.4,24 which is not only element specific but also contains chemical information. 
The work function term 𝜙 is an adjustable instrumental correction factor dependent on 
both the spectrometer and the material. Since the energy levels of core electrons 
depend on the chemical state of the atom. Thus, XPS can not only provide the 
composition of the surface region but also supply important information about the 
chemical environments (i.e. binding states, oxidation states) of surface atoms (H and He 
excluded). 
 
 Equation 2.4 
 
XPS measurements were carried out on a K-Alpha XPS instrument (Thermo Scientific) at 
NEXUS nanolab. Samples were drop cast onto a clean gold substrate (10 mm × 10 mm). 
The film was introduced into a loadlock attached to an UHV chamber in which the typical 
pressure was maintained below 5 × 10-9 mbar. All spectra were acquired at normal 
emission with Al Kα radiation at 1486.6 eV and a spot size of 400 μm. A pass energy of 
200 eV and step size of 0.4 eV was used for the survey spectra and a pass energy of 40 eV 
and step size of 0.1 eV was used for high-resolution spectra. In all photoemission spectra, 
binding energies (BEs) were referred to the Au 4f7/2 line measured on a gold foil in direct 
contact with the sample, which was at 84 eV. Correction for charge shifts was done by 
using the carbon contamination with a C 1s binding energy of 285.0 eV. XPS data analysis 
and peak fitting was conducted using CasaXPS version 2.3. 
 
2.3.7 Thermogravimetric analysis 
Thermogravimetric analysis (TGA) is a conventional thermoanalytical method of 
measuring the mass of a sample as it is submitted to a controlled temperature program 
in a defined atmosphere. By simultaneously measuring the heat flow (Differential 
Scanning Calorimetry) to the same sample in a single experiment, TGA-DSC curves are 
produced which can be analysed to evaluate the thermal stability, to determine the 
         𝜙
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composition, to explore the thermal behaviours such as phase transitions, desorption, 
decomposition, oxidation etc. of the sample substance.42 
In this thesis, the thermal properties of graphitic carbon nitride powders and nanosheets 
were examined by TGA-DSC (Mettler Toledo, DSC 1). For each measurement, the sample 
was heated in a 70 μL Pt crucible from 25°C to 1000°C with the heating rate as 10 °C·min-1 
under a nitrogen atmosphere (20 mL·min-1). 
 
2.3.8 Optical measurements 
The optical properties of semiconductor materials are a great part of the unique set of 
physical and chemical properties, and the drive of numerous studies in broad range of 
fields of optoelectronics, cell imaging, sensors and solar energy conversion.  
 
2.3.8.1 Ultraviolet-visible absorption spectroscopy (UV-Vis) 
 
Ultraviolet-visible absorption spectroscopy (UV-Vis) monitors the absorption of photons 
in ultraviolet-visible region by molecules or semiconductors as a result of electronic 
transition from the ground state to an excited state. It is a heavily used tool in analytical 
chemistry and shows its advantage in characterising the optical and electronic 
properties of semiconductor materials. Electron-hole pairs in the crystalline matrix of 
semiconductor can be separated by absorbing photons matched with its bandgap (Eg). 
As a result, electrons are excited to the conduction band (CB) while the positive charged 
holes remain in its lower valence band. The process is so-called photoexcitation and lays 
the foundation for the capability of semiconductor in storing and converting solar 
energy. As strongly affected by the quantum confinement effect induced by the very 
small dimension of the crystallite size, the absorbed photon energy or wavelength can 
be altered by varying the crystallite size which directly affects the size-dependent 
bandgap level.43-45 In practice, this principle is often used to widen the bandgap of 
narrow bandgap semiconductors e.g. Si by decreasing the nanocrystal size to enhance 
the optical response across a broad range of spectrum.46-48 
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In this thesis, UV-Vis absorption spectra were collected on Shimadzu UV-1800 
spectrometer under ambient conditions. A wavelength range of 200-800 nm was 
scanned at 0.5 nm intervals. Samples were dispersed in H2O or DCM (230 nm cut-off) in 
a 10 mm × 10 mm quartz cuvette. Sample spectra were obtained after subtracting the 
spectrum of the solvent. Data analysis was done using UVProbe version 2.50. 
 
 
2.3.8.2 Photoluminescence spectroscopy (PL) 
 
Initiated by photoexcitation mentioned above, the absorbed photons of a particular 
wavelength are rapidly re-emitted, through the radiative recombination of photoexcited 
electrons on CB band (excited state) and holes on VB band (ground state). As indicated 
in the Jablonski diagram shown in Figure 2.4, many electron transition processes may 
occur before the emission event, such as internal conversion, vibrational relaxation, and 
intersystem crossing, the latter of which results in the generation of phosphorescence 
by altering the spin multiplicity (S1→T1 state). In the meantime, for crystalline 
semiconducting systems, the exciton movement is also strongly influenced by extrinsic 
effects, such as structural distortion, lattice disorder, and variation of the chemical 
composition, acting as radiative recombination centres for the free photoinduced 
charge carriers.49 Also affected by the size-dependent quantum confinement effect, PL 
emission spectrum of Si is also strongly related to the nanocrystals.2, 40 Although the 
origin of the photoluminescence of porous Si is still debatable, extensive research efforts 
have been devoted to this topic.50-52 The general agreement is that both localized 
defects at the interface and the quantum confinement of excitons account for the 
light-emitting phenomenon.50 
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Figure 2.4 Jablonski diagram representing various electronic and molecular processes that occur 
after photoexcitation. 
 
In this thesis, PL spectra were recorded on a Perkin-Elmer LS55 spectrometer under 
ambient conditions. Samples were dispersed in H2O or DCM in a 10 mm × 10 mm quartz 
cuvette. The excitation wavelength was 320 nm and a 390 nm cut-off filter was applied. 
For mpSi, the excitation slit width (Ex) was set to 10 nm and the emission slit width (Em) 
was 15 nm. For g-C3N4, the Ex and Em values were set as 2.5 nm and 10 nm respectively. 
For mpSi/ g-C3N4 composite, they were set as 10 nm and 5 nm respectively. Sample 
spectra were corrected by subtracting the spectrum of the solvent. PL spectroscopic 
data was processed using FL WinLab 4.00.03. 
 
2.3.8.3 Quantum yield (QY) 
 
As known from the discussion above, excited electrons can return to lower energy level 
through different mechanisms including fluorescence. By comparing the number of 
photons absorbed (UV-Vis absorbance) with the photons emitted through fluorescence 
(PL emission intensity), the light emitting ability of semiconductor materials can be 
assessed. The ratio is known as quantum yield (QY, 𝜙F). The most common method for 
QY calculation involves the use of well-characterised standard sample with known QY 
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value at similar excitation wavelength as the test sample which, if possible, emits in the 
similar region as well. The QY value of fluorescent samples can be derived according to 
the following equation.  
 
Equation 2.5 
 
In Equation 2.5, the subscripts ref and x denote reference sample and test sample, 
respectively. Grad is the gradient from the plot of integrated fluorescence intensity 
versus UV-Vis absorbance.  η represents the refractive index of the solvent.  
In our study, quinine sulfate in 0.1M H2SO4 was used as reference. For both the standard 
sample and test sample, the plot of integrated fluorescence intensity versus absorbance 
was composed of six data points from solutions of which the respective UV-Vis 
absorbance was recorded as around 0, 0.02, 0.04, 0.06, 0.08 and 0.10. 
 
 
Scheme 2.7 Molecular structure of quinine sulfate. 
 
2.4 Photocatalytic study 
This section includes a detailed description of the photodegradation experiment and the 
engaged analysis methods in the measurements of reaction kinetics, organic carbon 
content, active species and photocatalyst lifetime as discussed below.  
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2.4.1 Photodegradation experiment 
The visible-light-active photocatalytic activities of various semiconductor materials 
(mesoporous silicon, graphitic carbon nitride and their coupled composites) prepared 
by above-mentioned methods were evaluated by photodegradation of organic dyes 
under visible light irradiation. Among them, methyl orange (MO) was used in our 
experiments as a model contaminant because of its minimized photosensitization by 
visible light photons.53 
A homemade photoreactor equipped with two 8 W fluorescent lamps (OSRAM) was 
used throughout the analysis which also had a fan installed on top of the wood frame to 
increase air circulation. The temperature variation inside the photoreactor under 
fan-assisted air flow was found to be considerably smaller than the ambient 
temperature during photocatalytic experiment, thus no other cooling system was 
employed. Sample (m, mg) was added in a glass vial or beaker containing certain 
volume (V, mL) of aqueous solution of methyl orange with initial concentration as 
C0 (30-50 µmol·L-1). A magnetic bar and stirrer were used throughout the experiment to 
constantly stir the solution phase. Then the vessel was positioned between the two 
fluorescent lamps in the chamber at a distance of 10 cm. At certain intervals (30 min for 
example), an aliquot of MO solution was taken for absorbance measurement in a UV-Vis 
absorption spectrometer (Shimadzu, UV1800) under ambient conditions using the same 
instrumental parameters mentioned in 2.3.8.1. For powder samples, prior to 
illumination, the reaction system was sonicated for 15 min to suspend the photocatalyst 
particles and the MO aliquot was also centrifuged to ensure a clear solution for UV-Vis 
measurement. While for monolithic samples, since the solution was naturally free of any 
solids, the centrifugation step was not necessary so the UV-Vis measurement was 
directly carried out on the dye solution that had been sampled. Besides, the suspension 
was also magnetically stirred for 1 hour in the dark to establish the adsorption-
desorption equilibrium with the organic substrate. For comparison, the behaviours of 
our samples toward MO in the absence of external irradiation were also studied using 
the same photoreactor with the lamps switched off and by following the same 
experimental procedure mentioned above. Other experimental details including the 
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sample mass, initial dye concentration etc. will be elaborated in each experimental 
section of the following chapters. 
 
2.4.2 Kinetic analysis 
In the field of heterogeneous photocatalysis, the reaction process is often interpreted 
as kinetically controlled by the diffusion of initial substrate in the solution phase and 
follows Langmuir-Hinshelwood type or pseudo first order reaction model of which the 
mathematical expression is presented as follows. 
 
Equation 2.6 
 
Equation 2.7 
 
As seen in the Equation 2.6 and Equation 2.7, k is the rate constant and can be realized 
by plotting ln ([MO]t/[MO]0) vs. t to yield the gradient. According to Beer-Lambert law, 
the concentration of an absorbing species is linearly proportional to the absorption 
intensity recorded in the UV-Vis absorption spectrum. Therefore, by simply monitoring 
the absorbance decay of MO molecules as a function of irradiation time, the first order 
reaction rate (k) of MO degradation in the presence of photocatalyst can be determined. 
 
                                              Equation 2.8 
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2.4.3 Total organic carbon analysis 
Total carbon analysis (TOC) is a very important chemical analytical method in detecting 
contaminants in water, assessing the quality of drinking water and water for 
pharmaceutical use as well. It is a sensitive and non-specific measurement of all organics 
present in the sample. In photocatalysis, this technique is often used to determine the 
photomineralization efficiency of organic substrates by detecting the carbon content 
that remains in the photoredox system.  
In this thesis, TOC was detected by using a Skalar Formacs CA16 TOC analyser. Typically, 
a test sample was injected from an auto sampler into a high temperature combustion 
furnace. In the reactor, at a temperature of 850°C, TOC was converted to CO2 by catalytic 
oxidation of cobalt chromium and cerium oxide as catalyst to help the reaction to 
completion. A flow of Zero Grade Air transported the CO2 product to a non-dispersive 
infrared detector (NDIR) where the amount of CO2 was determined by IR detection at 
4.2 µm. 
 
2.4.4 Active species analysis 
After band-to-band excitation, the photo-induced charge carriers are able to migrate to 
the surface of semiconductor and participate in redox reactions by reacting with 
O2/H2O/OH- existing in the system to generate a variety of active species, such as 
superoxide radical anion (O2·-), hydroxyl radical (·OH), singlet oxygen (1O2), hydrogen 
peroxide (H2O2), known as reactive oxygen species (ROSs)54 that are primarily 
responsible for the photocatalytic oxidation of organic dyes in aqueous solution.55 The 
behaviours of these active species are good indicators of the electronic band structure 
and photocatalytic mechanism of semiconductor photocatalyst.56-59 Detection methods 
include electron spin resonance (ESR) spectroscopy,60-61 chemiluminescence,62-63 mass 
spectroscopy64-65 and scavengers.66-67 
In this thesis, the involvement of ·O2-, ·OH, h+ in the visible light driven photodegradation 
of MO were investigated by using ethanol, 2-propanol, and triethanolamine (TEOA) as 
quenchers. In each experiment, 1 mmol of quencher, ethanol (58 µL), 2-propanol (76 µL), 
Chapter 2 
Materials and Experimental Details 
 
 
83 
TEOA (149 mg) was added into the photocatalytic system which was thereafter 
irradiated and began the scavenging activities under visible light irradiation. The role of 
dissolved oxygen in the formation of ROSs was also tested by bubbling high purity N2 
through MO solution to ensure that the solution was N2 saturated and the reaction was 
operated under anoxic conditions. 
 
2.4.5 Lifetime study 
As we know, the lifetime of photocatalyst is one of the most crucial factor determining 
its efficiency and applicability, which is often interpreted as the ability to be 
photocatalytically active in certain numbers of reaction cycles.  
In this thesis, the lifetime of mesoporous silicon in MO photodegradation was assessed 
during visible light irradiation. After a photocatalytic experiment, it was recovered by 
immersing in 5 wt. % aqueous HF for 2 min and subsequently washed four times with 
distilled water, followed by drying at 80°C for 12 h under vacuum to remove the residual 
reactant prior to the next reaction cycle. 
 
2.5 Summary 
In general, inexpensive, eco-friendly and upscalable approaches were used in this 
research for the synthesis and modification of semiconductor materials (silicon, carbon 
nitride) that are widely recognized as low cost, metal-free and earth abundant. Given 
this, electrochemical etching was employed in the preparation of mpSi with various 
morphologies and properties. g-C3N4 was synthesized through one-step thermal 
polycondensation of melamine followed by ultrasonication to gain exfoliated 
nanosheets, which was to be composited with mpSi via simple impregnation. The 
simplicity, availability and controllability of these preparation methods are highly valued 
in this work as exhibited in the following chapters. 
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Chapter 3  
Controllable Generation of Mesoporous Silicon with Large 
Surface Area by Electrochemical Etching 
 
Abstract 
As earth-abundant and low cost, elemental silicon has attracted numerous research 
efforts in developing novel devices for various uses. Among different Si nanostructures, 
nanoporous silicon has been extensively studied for its vast potential over a broad 
spectrum of applications. In this study, mesoporous silicon with diverse surface and 
pore properties have been fabricated via electrochemical etching. The hydrogen 
termination, huge surface area and open mesoporous structure hold much promise for 
a superior performance anticipated in a variety of areas. 
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3.1 Overview 
Owing to its semiconductor nature and outstanding structural characteristics, 
nanoporous silicon (pSi) has been extensively investigated in applications ranging from 
optoelectronics to various emerging fields. Due to the high theoretical capacity and 
anti-pulverization ability, pSi is a promising candidate as anode materials for high 
performance Li-ion rechargeable batteries.1-5 The biocompatibility, biodegradability 
and light-emitting ability of pSi have also inspired growing interest in biomedical 
research, as a novel bio-imaging agent,6-8 a drug delivery vector,9-11 etc. Recent 
decades have also witnessed tremendous efforts in developing pSi-based sensors for 
detection of toxic gases, heavy metal ions, bio-active molecules.12-14 Its unique optical 
and electrical properties further led to a wider field of applications in heterogeneous 
catalysis ranging from energy conversion to environmental remediation.15-18  
At the heart of these applications, the morphological characteristics of pSi are of 
utmost importance, determining the overall performance in various research fields. 
The distribution of pore size is particularly crucial in the application of pSi as it strongly 
influences the diffusion kinetics of substrate molecules especially in liquid phase and 
thereby regulates the access to the internal surface.19-20 In previous studies of porous 
solids, a meso-scale pore dimension is proved efficient in accommodating guest 
species while also maintaining a relatively high surface-to-volume ratio. The surface 
area, especially internal surface area of porous materials is also a significantly 
important structural factor and a larger value could contribute dramatically to the 
performance of the material with a greater loading capacity, a better sensibility and a 
longer working lifetime.15, 21-22 
In this chapter, we aim to fabricate mesoporous silicon (mpSi) with high surface area 
and a tuneable porous system via an electrochemical etching method. As will be 
demonstrated, the highest value of specific surface area reached up to 994.4 m2·g-1 
with the pore size distributed primarily between 3-4 nm. Mesoporous silicon with 
larger mesopores in the range of 7-10 nm were also generated in our study although 
the surface area was accordingly reduced, but still up to 467 m2·g-1. 
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By means of FE-SEM, HRTEM, XRD, ATR-IR, Raman and nitrogen adsorption analysis, 
the morphological and physiochemical properties  of mesoporous silicon materials 
were thoroughly examined. The varied effects of etching conditions (etching current 
density, etching time) and dopant concentration on crystallinity, surface and pore 
features, as well as microscopic morphological figures of the resulting porous Si matrix 
were investigated.  
Furthermore, several post-treatments were explored to modify the shape and surface 
environment of mpSi. Highly porous free-standing disks/microflakes were successfully 
gained via pulse etching and sonication. The surface chemistry of mesoporous silicon 
was altered by microwave-assisted thermal hydrosilylation, which yielded thiol-capped 
mpSi for the first time using allyl mercaptan as precursor under microwave 
electromagnetic field.  
 
 
3.2 Experimental section 
3.2.1 Mesoporous silicon preparation (mpSi) 
Mesoporous silicon samples (PS/HPS-J-t) were fabricated by galvanostatic anodization 
of silicon wafers in ethanoic HF acid under ambient conditions. Moderately doped and 
heavily doped Si wafers (PS and HPS) were applied in the preparation of PS-J-t and 
HPS-J-t samples, respectively, following a similar anodic etching process as described in 
Chapter 2. 
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Table 3.1 Etching parameters for producing mesoporous silicon materials involved in Chapter 3. 
Mesoporous  
silicon 
Etching current density (J) 
/ mA·cm-2 
Etching time (t) 
/ min 
PS-10-15 10 15 
PS-30-15 30 15 
PS-60-05 60 05 
PS-60-15 60 15 
HPS-60-15 60 15 
HPS-150-05 150 05 
HPS-150-10 150 10 
HPS-150-15 150 15 
 
 
3.2.2 Free-standing mpSi preparation 
HPS-150-10 and PS-60-15 were employed in the “lift-off” experiment and treated with 
sonication to prepare free-standing mpSi disks (PS/HPS-J-t-D) and microflakes 
(PS/HPS-J-t-F).  
 
Table 3.2 Preparation conditions for free standing mesoporous silicon materials investigated in 
Chapter 3. 
 HPS-150-10-D HPS-150-10-F PS-60-15-F 
Disk  
sample 
Current density / 
mA·cm-2 
4 4 4 
Etching time / s 125 125 125 
Microflake 
sample 
Output level* / 4 4 
Sonication mode / Constant Constant 
Sonication time / min / 30 30 
* Microtip sonicator, purchased from Apollo Electronics, output level 1-10. 
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3.2.3 Thiol-capped mpSi preparation 
PS-60-05 was used in the capping experiments with allyl mercaptan (CH2=CHCH2SH) to 
synthesize thiol-capped mpSi materials. Three different heating methods were 
employed as mentioned below. Detailed descriptions of each experimental procedure 
can be found in Chapter 2. 
 
Table 3.3 Experimental details of thiol-capping experiments of PS-60-05. 
 PS-60-05-RF PS-60-05-AC PS-60-05-MW 
Heating approach Oil bath 
Conventional 
Oven 
Microwave 
oven 
Allyl mercaptan / mL 2 2 2 
Dry toluene / mL 10 10 5 
Reaction temperature / °C ca. 110 200 N.A. 
Reaction time 12 h-48 h 24 h 6 min 
Atmosphere N2 Air N2 
 
 
3.2.4 Material characterisation 
The surface morphology, internal structure and layer thickness of mpSi were 
determined by various imaging techniques (SEM, FE-SEM and HRTEM). XRD patterns 
were recorded to reflect the crystalline nature of porous framework. The chemical 
composition of as-etched mpSi and modified mpSi samples was distinguished by 
ATR-IR, Raman and XPS spectroscopy. A quantitative evaluation of the surface and 
pore features (SBET, Vpore and dpore) was performed on various mpSi samples using 
low-temperature nitrogen sorption isotherms at 77 K. All measurement parameters 
were the same as outlined in Chapter 2 unless otherwise stated. 
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3.3 Results and discussion 
3.3.1 Microscopic morphology of PS-mpSi 
Electron microscopic images of as-etched moderately doped mpSi were first presented 
in this section to show the main structural characteristics possessed by the highly 
porous Si samples prepared via electrochemical etching, taking PS-60-15 as an example.  
 
3.3.1.1 FE-SEM images of PS-mpSi 
 
 
Figure 3.1 Top view FE-SEM image of PS-60-15. 
 
The top surface of PS-60-15 was first examined by means of FE-SEM. As shown in 
Figure 3.1, numerous nanoholes with varied sizes, mostly less than 10 nm, were 
visualized with a homogeneous spatial distribution and very narrow interpore 
distances. These nanopores were formed as neighbouring silicon atoms were rapidly 
dissolved into soluble substances in HF solution under the external voltage bias during 
electrochemical etching. Some large holes and cracks were also observed on the 
surface that many factors could contribute to, such as unevenly distributed etching 
200 nm
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current, surface tensions and unavoidable mechanical force during handling etc. On 
the other hand, these features were more normally seen in PS-60-15 compared to 
other PS samples etched under different conditions, which indicated a poorer 
mechanical stability of PS-60-15 resulting from its highly porous structure. 
 
 
Figure 3.2 Cross section SEM (A) and FE-SEM (B and C) images of PS-60-15. 
 
Figure 3.2 demonstrates the cross section morphology of PS-60-15. A layer of porous 
silicon was formed above the un-etched Si wafer, with two straight boundary lines 
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lying between mpSi/Si and mpSi/outer environment. The thickness of the layer was 
consistent and the value was estimated as 23.66 ± 0.20 μm. The internal structure was 
further revealed in Figure 3.2C, showing abundant nanosized Si filaments and 
particulates embedded on the internal structure, implying the very large surface area 
possessed by PS-60-15. According to quantum confinement theory, these ultra-small Si 
structural figures are known to have huge impact on the optical properties of pSi.23-27 
 
3.3.1.2 HRTEM images of PS-mpSi 
As displayed in Figure 3.3, a highly porous network with a matrix of isolated silicon 
nanocrystallites was characterised in PS-60-15. Consequently, only amorphous rings 
were detected in the SAED pattern (Figure 3.3D). Lattice fringes of silicon 
nanocrystallites in irregular sizes and shapes were also discovered at various 
framework locations as pointed out in Figure 3.3E and F. The sizes of the Si 
nanocrystallites embedded on the internal surface were mostly less than 5 nm, 
indicating the significance of quantum confinement effects on the electronic 
properties.28 
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Figure 3.3 HRTEM images (A, B, C, E, and F) and SAED pattern (D) of PS-60-15. Arrows in E and 
F represent the lattice fringes of Si nanocrystallites in the framework. 
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3.3.2 Structural effects of etching current density 
To examine the effects of etching current density, in addition to PS-60-15, PS-10-15 
and PS-30-15 were also prepared under current densities of 10 mA·cm-2 and 
30 mA·cm-2, respectively. The etching time was constant at 15 min. As seen in 
Figure 3.4, PS-10-15 appeared to have a golden brown colour while PS-30-15 became 
more reddish and it was further darkened for PS-60-15. This is likely due to the varied 
refractive index of porous Si in relation to the porosity and layer thickness.  
 
 
Figure 3.4 Photographs of PS-10-15, PS-30-15 and PS-60-15. 
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As shown in Figure 3.5, the mpSi layer became thicker with the increasing etching 
current density, 5.8 μm for PS-10-15, 20.7 μm for PS-30-15 and 23.7 μm for PS-60-15. 
The etching rate was accelerated under higher etching current density. 
 
 
Figure 3.5 Cross sectional SEM images of PS-10-15 (A), PS-30-15 (B) and PS-60-15 (C). 
 
3.3.2.1 XRD patterns of PS-mpSi  
As shown in Figure 3.6, the main feature observed in the XRD patterns of PS-10-15, 
PS-30-15 and PS-60-15 was a broad diffraction peak centred at 69.1˚, which is 
attributable to the (400) crystal plane of silicon.29 This result is consistent with the 
crystal orientation of the moderately doped silicon wafer used for mpSi preparation via 
electrochemical etching (Figure 3.7). However, the (400) peak intensity of mpSi 
samples was significantly weakened suggesting reduced crystallinity after 
electrochemical etching. Various extents of (400) peak broadening were also identified, 
corresponding to the physical dimension of Si nanocrystals constituting the framework. 
By applying Scherrer’s Equation,30 it was determined to be 11.22 nm, 7.08 nm and 
5.48 nm for PS-10-15, PS-30-15 and PS-60-15 respectively. Thus, as etching current 
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density increases, the size of Si nanocrystals reduces, which could lead to a higher 
surface area and enlarged bandgap of mpSi, and eventually affect the behaviour and 
activity of mpSi. According to the prevalent pore-forming mechanisms, these Si 
nanocrystallites are shaped by the occurrence of three processes during 
electrochemical etching, i.e. electrochemical etching itself, chemical dissolution and 
QCE.25, 31  
 
 
Figure 3.6 XRD patterns of PS-10-15 (a), PS-30-15 (b) and PS-60-15 (c). 
 
 
Figure 3.7 XRD pattern of a moderately doped p-type silicon wafer (diffraction signals 
maximized at 61.7˚ and 65.9˚ are the Si (400) diffraction contributed by the residual Cu Kα and 
Ni Kα). 
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3.3.2.2 Raman scattering of PS-mpSi 
Figure 3.8 shows the Raman scattering spectra of mpSi materials. Each mpSi sample 
shows an optical phonon band in the 450-600 cm-1 range. In the spectrum of PS-10-15, 
the band (a) was symmetrically distributed at 519 cm-1 with a Lorentzian lineshape, 
which slightly redshifted to lower energy side compared to a well-defined Si crystal 
(521 cm-1) due to phonon confinement. And it further redshifted to 513 cm-1 and 
became asymmetrically broadened as etching current density was increased, as shown 
in the spectra of PS-30-15 (b) and PS-60-15 (c), which can be explained by the 
existence of smaller Si nanocrystallites contained in their porous structures, in 
agreement with the previous XRD results.  
 
 
Figure 3.8 Raman spectra of PS-10-15 (a), PS-30-15 (b) and PS-60-15 (c); laser wavelength 
1064 nm, laser power 30 mW. 
 
3.3.2.3 ATR-IR spectra of PS-mpSi 
Figure 3.9 presents the ATR-IR spectra of PS-10-15 (a), PS-30-15 (b) and PS-60-15 (c), 
consisting of six characteristic Si-H peaks in each spectrum. The absorptions at 
664 cm-1 and 910 cm-1 originate from Si-H wagging and scissoring modes. The IR signals 
at 2087 cm-1, 2110 cm-1, and 2139 cm-1 were the stretching modes of SiH, SiH2 and SiH3, 
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respectively.32 As implied, freshly prepared mpSi surface was successfully passivated 
by chemically bound hydrogen atoms as a result of electrochemical etching. As etching 
current density increased, the absorption intensity of SiHx signals at 2087, 2110, and 
2139 cm-1 also increased, signifying an enhanced hydrogen coverage on the surface. 
Notably, neither Si-O stretching peak in the range of 1000-1200 cm-1 nor any signals 
around 2260 cm-1 from SiOySiHx (x + y = 4, x = 1, 2, 3) complexes were detected, 
indicating the surface of mpSi was free of identifiable oxide phases.  
 
 
Figure 3.9 ATR-IR spectra of freshly made PS-10-15 (a), PS-30-15 (b) and PS-60-15 (c). 
 
To verify the reproducibility of the electrochemical etching method, the IR spectra of 
two PS-30-15 samples were compared. For each sample, IR spectra were taken at 
three spots (S1, S2 and S3) on the surface as displayed in Figure 3.10. Although it has 
been documented that FTIR of porous silicon often vary in certain respects, even after 
being made under identical conditions,26 in our experiments, each corresponding IR 
peak in the IR spectra of PS-30-15a and PS-30-15b was located at similar position 
regardless of the sites the IR signals were collected from. Although the peak intensity 
was slightly different because of the variation in the force used for pressing sample 
material against ATR crystal in an effort to ensure the best signal-to-noise ratio of the 
spectra. 
2500 2000 1500 1000 500
 
 
T
ra
n
s
m
it
ta
n
c
e
 /
 a
.u
.
Wavenumber / cm
-1
2200 2100 2000
 
 
 T
ra
n
s
m
it
ta
n
c
e
 /
 a
.u
.
Wavenumber / cm
-1
(a)
(b)
(c)
(a)
(b)
(c)
Chapter 3  
Controllable Generation of Mesoporous Sil icon 
 
 
105 
 
Figure 3.10 ATR-IR spectra collected at three different surface sites (S1, S2 and S3) of two 
PS-30-15 samples (A and B) prepared under identical conditions by electrochemical etching. 
 
 
Figure 3.11 Normalized IR absorption intensity of silicon tri-hydrides at 2140 cm-1, di-hydrides 
at 2110 cm-1 and mono-hydride at 2088 cm-1 derived from the IR spectra of PS-30-15 in 
Figure 3.10. 
 
Figure 3.11 demonstrates the ratio of tri- (SiH3) at 2140 cm-1, bi- (SiH2) at 2110 cm-1 to 
mono- (SiH) hydride at 2088 cm-1 derived from Figure 3.10, which is known to be 
indicative of the roughness/shape of Si nanocrystallites contained in porous silicon 
structures. As seen, the ratios were consistent among them, representing the high 
level of reproducibility of electrochemical etching method. 
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3.3.2.4 Nitrogen sorption analysis of PS-mpSi 
The surface and pore properties of mpSi materials were further characterised by 
means of low-temperature gas adsorption. Nitrogen sorption isotherms of PS-10-15, 
PS-30-15 and PS-60-15 were presented respectively in Figure 3.12, Figure 3.13 and 
Figure 3.14. According to IUPAC classification,33 a Type IV(a) isotherm was identified 
with the capillary condensation step occurring at relative pressure P/P0 ~ 0.4, which is 
typical for mesoporous materials. 
 
 
Figure 3.12 Nitrogen sorption isotherms of PS-10-15. 
 
 
Figure 3.13 Nitrogen sorption isotherms of PS-30-15. 
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Figure 3.14 Nitrogen sorption isotherms of PS-60-15. 
 
Table 3.4 Textural properties of moderately doped mesoporous silicon derived from nitrogen 
sorption isotherms. 
Samples SBET / m2·g-1 
Vmeso 
/ cm3·g-1 
dpore 
/ nm 
PS-10-15 887.1 1.09 3.07 
PS-30-15 907.0 1.04 3.43 
PS-60-15 994.4 1.36 3.82 
PS-60-05 819.2 1.08 3.84 
Ball milled Si powder 14.67 0.03 7.80 
Commercial silica powder 658.0 0.78 4.94 
SBA-15 848.4 1.07 7.81 
 
 
As shown in Table 3.4, as etching current density increased, the specific surface area, 
pore volume and average pore size also increased representing an increasing porosity 
of the resulting Si structure. All PS samples showed an exceptionally high specific 
surface area. Especially for PS-60-15, it reached up to 994.4 m2·g-1, which is only 
second to the highest reported value of porous silicon to date (1125 m2·g-1).34 For 
comparison, crystalline silicon powders were also prepared by ball milling Si chips, 
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which is widely used to achieve size reduction and surface area expansion of Si 
materials. As shown in Figure 3.15, after ball milling, Si microparticles in a broad size 
distribution were produced and its specific surface area measure by N2 adsorption was 
merely 14.67 m2·g-1. Amorphous silica powder and order mesoporous silica e.g. SBA-15 
are greatly valued for their abundant surface area. According to Figure 3.16, the 
specific surface area of amorphous silica and SBA-15 was determined as 658.0 m2·g-1 
and 848.4 m2·g-1 respectively which are lower than mesoporous silicon.  
 
 
Figure 3.15 SEM image (A) and nitrogen sorption isotherms (B) of Si powders obtained by high 
energy ball mill. 
 
 
Figure 3.16 Nitrogen sorption isotherms of amorphous silica commercially purchased (A) and 
ordered mesoporous silica SBA-15 (B). 
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Apart from surface area, pore size distribution is also an important factor to be 
considered in the application of porous materials. As exhibited in Table 3.4, the 
diameter of mesopores increased from 3.07 to 3.82 nm by increasing the etching 
current density from 10 to 60 mA·cm-2. Due to the limitation of BJH analysis  method, 
the pore size distribution curve was measured above 3 nm as displayed in Figure 3.17. 
As etching current density increased, the curve became gradually broader and also 
exhibited a small portion of larger mesopores around 7-10 nm for PS-10-15 and 
PS-30-15 samples. 
 
Figure 3.17 Pore size distribution curves of PS-10-15 (a), PS-30-15 (b) and PS-60-15 (c) acquired 
by BJH approach using adsorption branch. 
 
3.3.3 Structural effects of etching time 
As another important factor, etching time also has direct impact on the formation of 
mesoporous silicon as discussed below. 
 
3.3.3.1 Layer thickness of PS-mpSi 
Figure 3.18 summarizes the cross sectional SEM images of various PS samples 
fabricated under different etching time (A: PS-10-02, B: PS-10-05, C: PS-10-15, D: 
PS-10-25, E: PS-10-30, F: PS-10-35, G: PS-10-40; H: PS-60-05, I: PS-60-10). The layer 
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thickness was then plotted as a function of the etching duration as shown in 
Figure 3.19. An etching time-dependent increase in the layer thickness was observed 
as anodic etching process prolonged under constant 10 mA·cm-2 or 60 mA·cm-2. The 
non-linearity is likely due to the depletion of HF electrolyte which affected the etch 
rate during electrochemical etching.   
 
 
Figure 3.18 Cross sectional SEM micrographs of PS samples (A) PS-10-02, (B)PS-10-05, (C) 
PS-10-15, (D) PS-10-25, (E) PS-10-30, (F) PS-10-35, (G) PS-10-40, (H) PS-60-05, (I) PS-60-10, 
respectively. 
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Figure 3.19 Plots of layer thickness against etching time for mesoporous silicon prepared under 
10 mA·cm-2 (square) or 60 mA·cm-2 (circle). 
 
3.3.3.2 Surface and pore properties of PS-mpSi 
 
 
Figure 3.20 Nitrogen sorption isotherms (A) of PS-60-05 and pore size distribution curves (B) of 
PS-60-05 (a) and PS-60-15 (b). 
 
To further reveal the effects of etching time, PS-60-05 was introduced into this study 
and its structure was characterised by nitrogen adsorption and XRD as demonstrated 
in Figure 3.20 and Figure 3.21. Type-IV curves with H2 hysteresis loop was featured in 
the nitrogen sorption isotherms of PS-60-05 with the capillary condensation occurring 
at relative pressure P/P0 ~ 0.4. According to Table 3.4, its SBET and Vmeso were derived 
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as 819.2 m2·g-1 and 1.08 cm3·g-1. Compared to PS-60-15, it is clear to see that under 
constant etching current density (60 mA·cm-2), longer etching time leads to larger 
surface area and pore volume of the final mpSi structure. While the effect of etching 
duration on the average pore dimension is very limited. As indicated in Figure 3.20B, 
the PSZ curves of PS-60-05 and PS-60-15 were maximized at similar position, 3.84 nm 
for PS-60-05, 3.82 nm for PS-60-15.  
 
3.3.3.3 Crystallite size of PS-mpSi 
 
 
Figure 3.21 XRD patterns of PS-60-05 (a) and PS-60-15 (b) 
 
As stated previously, the average size of Si nanocrystals can be measured based on 
Scherrer’s Equation and it was 6.57 nm and 5.48 nm for PS-60-05 and PS-60-15, 
according to their XRD data above (Figure 3.21). As electrochemical etching extended, 
the size of the Si nanocrystallites was reduced although the pore dimension was 
unchanged, which confirms the influence of etching time on the microstructural 
characteristics of the resulting mpSi. This result also explains the larger specific surface 
area possessed by PS-60-15 as revealed above due to the smaller Si nanocrystallites 
created on the pore walls than PS-60-05.  
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To understand the effects of etching time, the PS-60-05 sample can be considered in 
the following discussion as an early stage of the formation process of PS-60-15 during 
electrochemical etching. As known, after 60 mA·cm-2 was applied, mesopores were 
gradually formed in the crystalline Si chip in the vertical direction along the [100] 
direction. As it progressed, the produced porous structure of Si was also immersed in 
the electrolyte solution and subject to the chemical corrosion of HF etchant during 
electrochemical process, causing the dissolution of Si mass on the pore walls which led 
to a gradual decrease of the size of the nanocrystallites embedded on the surface as 
revealed in the XRD results above. By affecting the immersion time of mpSi in the 
etchant solution, etching time is therefore able to modify the surface area, pore 
volume while the pore size of the porous system is mainly determined by the etching 
current applied in the electrochemical preparation of mpSi. 
 
3.3.4 Characterisation results of HPS-mpSi 
All the mpSi samples studied above were derived from moderately boron-doped 
p-type silicon wafer (PS in Table 2.1) of which the intrinsic resistivity is 1-10 Ω·cm. In 
this section, heavily boron-doped p-type silicon wafer (HPS in Table 2.1) with lower 
resistivity as 0.001-0.01 Ω·cm was employed in the preparation of mpSi materials with 
unique morphological characteristics as revealed below. 
 
3.3.4.1 FE-SEM images of HPS-mpSi  
Figure 3.22 exhibits the FE-SEM images of HPS-150-10 sample. As observed in the 
plane view mode (A and B), numerous nanopores were formed and distributed 
uniformly on the surface with thicker pore walls and larger pore openings compared to 
the moderately doped mpSi samples as mentioned above. The average diameter of the 
pores was measured as 12.4 nm based on the FE-SEM micrographs. The cross sectional 
FE-SEM images (C and D) clearly recorded the remarkable straightness of the pore 
arrays as they were shown to be orderly aligned along Si (100) plane and isolated by 
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thin walls of crystalline Si. The undulate surface feature due to numerous open pores 
was observable in the AFM image of HPS-150-10 while the surface of PS-60-15 
appeared to be very smooth due to the very small pore openings as discovered 
previously.  
 
 
Figure 3.22 FE-SEM images of HPS-150-10 (plane view: A, B and cross sectional: C, D); AFM 
images of the top surface of PS-60-15 (E) and HPS-150-10 (F), respectively. 
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3.3.4.2 Raman scattering of HPS-mpSi 
Raman scattering spectrum of HPS-150-10 was presented in Figure 3.23. A symmetric 
peak was centred at 519 cm-1 which was close to 521 cm-1 of well-defined Si crystal, 
indicating the framework crystallinity of HPS-150-10 was preserved considerably well 
after electrochemical etching in contrast to PS-60-15 studied in the earlier discussion. 
The laser power was reduced to 10 mW to minimize lattice expansion and spectral 
redshift caused by laser-induced heat generated on the crystalline framework.35 
 
 
Figure 3.23 Raman spectrum of HPS-150-10. 
 
3.3.4.3 ATR-IR spectrum of HPS-mpSi 
The IR spectrum of HPS-150-10 presented in Figure 3.24 was similarly composed by six 
of the main characteristic bands as featured in the IR spectra of PS samples which were 
respectively maximized at 624, 663, 909, 2087, 2107, 2138 cm-1 from Si-Si and various 
vibration modes of Si-H. Detailed explanation of their origins can be referred to the 
discussion above of the PS samples.  
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Figure 3.24 ATR-IR spectrum of HPS-150-10. 
 
3.3.4.4 Nitrogen sorption analysis of HPS-mpSi 
 
 
Figure 3.25 Nitrogen sorption isotherms of HPS-150-05 (A), HPS-150-10 (B), HPS-150-15 (C) and 
HPS-60-15 (D). 
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The isothermal analysis was carried out for a more precise examination of the surface 
and mesoporous structure of HPS samples. Including HPS-150-10, the nitrogen 
sorption isotherms of four different HPS samples are summarized in Figure 3.25 and 
characterised as IV-H1 pattern according to the IUPAC classification.33 Meanwhile, the 
capillary condensation phenomenon occurred at relative pressure P/P0 around 0.7, 
which was markedly higher than the turning point of PS samples that often took place 
at 0.4 relative pressure, representing larger mesopores possessed by these HPS 
structures. The average pore diameter of HPS-150-10 was 9.55 nm which has a 
mesopore volume (Vmeso) as 1.72 cm3·g-1 and a specific surface area (SBET) as 
455.3 m2·g-1. The data of other HPS samples were shown in Table 3.5. 
 
Table 3.5 Textural properties of heavily doped mesoporous silicon derived from nitrogen 
sorption isotherms. 
Mesoporous silicon  
samples 
SBET 
/ m2·g-1 
Vmeso 
/ cm3·g-1 
dpore 
/ nm 
HPS-150-05 458.5 1.76 9.55 
HPS-150-10 455.3 1.72 9.55 
HPS-150-15 467.0 1.71 9.55 
HPS-60-15 369.7 0.90 7.82 
 
 
Figure 3.26 Pore size distribution curves of HPS samples (HPS-150-05, HPS-150-10, HPS-150-15 
and HPS-60-15). 
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By comparing HPS-60-15 and HPS-150-15, the influences of etching current density on 
the surface and pore properties of HPS samples were revealed. As revealed in Table 3.5 
and Figure 3.26, it is also very effective in shaping the porous structure of heavily 
doped HPS materials and has similar effect as on the moderately doped PS samples 
which is that under higher etching current density, the produced mpSi possesses larger 
specific surface area, pore volume and pore diameter. 
While etching time was observed to have little effect on the porous morphology of HPS 
structures with respect to HPS-150-05, HPS-150-10 and HPS-150-15 of which the SBET, 
Vmeso and dpore were almost identical as shown in Table 3.5 above. This is partly 
consistent with the previous findings on PS samples, which also contained very similar 
pore dimension but the SBET, Vmeso of PS samples were increased as electrochemical 
process prolonged. This is likely associated with the different degrees of crystallinity of 
mpSi materials. In contrast to the nanocrystalline or amorphous-like PS samples, the Si 
matrix of HPS samples was much better crystallized which endowed a stronger 
resistance to chemical dissolution in HF etchant during electrochemical etching 
process.  
 
3.3.4.5 Layer thickness of HPS-mpSi 
Figure 3.27 and Figure 3.28 exhibited the cross sectional images and mpSi layer 
thickness values of various HPS samples (HPS-150-05, HPS-150-10, HPS-60-05 and 
HPS-60-15) prepared under different etching current density (60 or 150 mA·cm-2) and 
etching time (5, 10, 15 min). Similarly, the layer thickness or the pore depth increases 
as a function of the etching duration.  
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Figure 3.27 Cross sectional SEM images of HPS-150-05 (A), HPS-150-10 (B), HPS-60-05 (C) and 
HPS-60-15 (D). 
 
 
Figure 3.28 The layer thickness of heavily doped mesoporous silicon materials prepared under 
different etching current density (60 or 150 mA·cm-2) and etching time.  
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3.3.5 Free-standing mpSi disk and microflakes 
The feasibility of the proposed post-treatments in preparing free-standing mesoporous 
silicon was investigated in this section by means of FE-SEM, IR and nitrogen sorption 
techniques.   
 
3.3.5.1 Characterisation results of mpSi disk 
Free-standing HPS-150-10 was prepared by lifting the mpSi layer off the substrate via 
4 mA·cm-2 pulse etching as described in Chapter 2. Its physical appearance is 
observable in Figure 3.29, showing a dark coloured round disk shape. The FE-SEM 
image confirmed the identical honeycomb-like mesoporous structure and similar pore 
dimension as the original sample before the detachment. 
While HPS disks were mostly stable and could be readily transferred by using a razor 
blade or spatula, PS disks were less likely to remain intact during vacuum drying and 
subsequent handling because of the layer thinness and highly porous texture. This 
situation can be rectified to some extent by supercritical liquid drying as suggested by 
previous studies.34, 36-37 
 
 
Figure 3.29 Photograph (A) and FE-SEM image (B) of HPS-150-10-D. 
 
1 cm 300 nm
A B
Chapter 3  
Controllable Generation of Mesoporous Sil icon 
 
 
121 
3.3.5.2 Characterisation results of mpSi microflakes 
After pulse etching, the dried mpSi disks were then subjected to ultrasonication and 
transformed into free-standing microflakes as pictured in Figure 3.30 showing the 
physical appearance of so-obtained PS-60-15-F (A) and HPS-150-10-F (B).  
 
 
Figure 3.30 Photographs of PS-60-15-F (A) and HPS-150-10-F (B); plane-view SEM images (C, D) 
of HPS-150-10-F. 
 
 
Figure 3.31 ATR-IR spectra (D) of PS-60-15-F (a) and HPS-150-10-F (b). 
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The ATR-IR spectra (Figure 3.31) clearly show that the surface of both samples was still 
hydrogen passivated with observable IR peaks from Si-H bonds at 664, 912, 2088, 2110, 
2140 cm-1. Minor oxidation was also detected on the surface of PS-60-15-F sample, 
indicated by the IR peaks at 813 cm-1 and 1048 cm-1, assuming to be related to its large 
surface area and relatively poor structural crystallinity. 
 
 
Figure 3.32 Nitrogen sorption isotherms (A, C) and pore size distribution (B, D) of HPS-150-10-F 
(A and B) and PS-60-15-F (C and D). 
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increased to 527.0 m2·g-1. However, the surface area and total pore volume of 
PS-60-15-F were both reduced compared to the as-etched PS-60-15 sample. This is 
likely caused by the sonication-induced structural alteration which resulted in the 
variation of pore dimension and pore size distribution as seen in Figure 3.32. 
 
Table 3.6 Textural properties of mesoporous silicon microflakes and as-etched mesoporous 
silicon. 
Mesoporous silicon  
samples 
SBET  
/ m2·g-1 
Vmeso  
/ cm3·g-1 
dpore 
/ nm 
HPS-150-10 455.3 1.72 9.55 
HPS-150-10-F 527.0 1.82 9.50 
PS-60-15 994.4 1.36 3.82 
PS-60-15-F 699.9 1.16 4.91 
 
 
3.3.6 Characterisation results of thiol-capped mpSi 
As revealed above, the vast internal surface of both as-etched moderately doped PS 
and heavily doped HPS samples are purely hydrogen-terminated. By covalently binding 
with other organic molecules through silicon hydrosilylation that can be initiated by 
heat, light, radicals or metal catalysts etc., the surface of porous silicon can be 
modified with various functionalities. Here allyl mercaptan was intended to be grafted 
onto the surface of H-terminated mpSi materials with large surface area and open 
mesoporous structure. With –SH as functional end groups on the mpSi surface, 
modified mpSi material can be conjugated with many biologically active species 
through disulphide bond, which can be selectively cleaved inside the cells. On the 
other hand, thiol-functionalized mpSi can also be used as catalyst support in anchoring 
and stabilizing metal nanoparticles.38-40 
A comparison of grafting efficiency among three different heating methods including 
oil bath, conventional oven and domestic microwave oven was provided below which 
shows the superior performance of microwave irradiation in thiol capping. 
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3.3.6.1 Oil bath 
By refluxing the reaction mixture of allyl mercaptan and toluene solvent with 
as-etched PS-60-05 for certain amount of time, it is  possible to trigger the addition 
reaction between Si-H and C=C bond. By adjusting the reflux time, a series of 
experiments were performed and the IR results were shown in Figure 3.33. 
 
 
Figure 3.33 ATR-IR spectra of as-etched PS-60-05 (a), thiol-capped PS-60-05-RF samples 
obtained under various reflux time in oil bath (b: 12 hours; c: 24 hours; d: 48 hours) and allyl 
mercaptan (e) as a reference. 
 
As demonstrated in Figure 3.33, hydrosilylation took place with silicon hydride 
consumption despite the occurrence of oxidation that could also contribute to the 
depletion of surface SiHx. As reaction time increased from 12 h to 48 h, the IR peaks of 
SiHx at 2080-2140 cm-1 became weaker while saturated hydrocarbon signals in the 
range of 2800-3000 cm-1 intensified accordingly, implying an increasing number of  
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organic ligands successfully linked to the surface of mpSi material. The absence of sp2 
C-H stretching mode at 3081 cm-1 and C=C stretching mode at 1634 cm-1 that featured 
in the IR spectrum of allyl mercaptan further confirmed the binding result, suggesting 
the alkene group of allyl mercaptan was successfully saturated by the surface hydrides 
of mpSi which resulted in the covalent ligandization by forming the new Si-C bond of 
which the IR absorption was also found at 1260 cm-1.  
 
3.3.6.2 Conventional oven 
The hydrosilylation reaction was also carried out in a PTFE lined autoclave reactor in 
combination with a conventional oven so that the reaction temperature can be 
elevated above the boiling point of toluene solvent in order to enhance the formation 
of thiol linkages. As exhibited in Figure 3.34, the surface hydrides were completely 
extinguished with no organic signals observable in the IR spectrum, suggesting the 
inefficiency of this heating approach. 
 
 
Figure 3.34 ATR-IR spectra of as-etched PS-60-05 (a), PS-60-05-AC prepared in an autoclave (b) 
and allyl mercaptan (c). 
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3.3.6.3 Microwave irradiation 
The above two conventional heating methods allow the heat to be transferred to 
reaction system through thermal conduction and convection, which is often 
recognized as indirect and of low-efficiency.41 Microwave-assisted thermal-driven 
hydrosilylation was thus explored in this study. Benefitting from the direct, rapid, 
volumetric and non-contact heating characteristics, microwave energy has shown its 
superiority in accelerating reaction rate and improving product selectivity under mild 
conditions in various studies.41-43 
Doped silicon is known to absorb microwave energy efficiently.44 The heat transfer to 
the near surface of the material will lead to a temperature gradient, which is expected 
to influence the reaction rate during the chemical treatment of H-terminated 
mesoporous silicon with organic reagents. The resistivity of the silicon wafer used to 
prepare PS-60-05 is 1-10 Ω·cm, which is right in the range of the maximum absorption 
of MW irradiation.45 While toluene employed in the reaction system as solvent is 
non-polar and hence microwave transparent. These different interaction behaviours 
with microwave irradiation is expected to impact on the course and rate of the 
hydrosilylation reaction rate. 
 
 
Figure 3.35 ATR-IR spectra of as-etched PS-60-05 (a), thiol-capped PS-60-05-MW obtained 
under microwave irradiation (b) and allyl mercaptan (c) as a reference. 
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As shown in Figure 3.35, Si-C stretching peaks were detected at 1260 cm-1 and 
1460 cm-1. Additional peaks characteristic of the alkyl chain also appeared at 
2850-3000 cm-1 in the spectrum of PS-60-05-MW. The absence of signals from C=C 
bond at 1634 cm-1 and sp2 C-H bond at 3081 cm-1 verified the fact that final product 
was free of physically absorbed organic molecules. Meanwhile, a large decrease of the 
νSiHx (2080-2140 cm-1), δSiH2 (910 cm-1), and ρSiHx (669 cm-1) peaks was also observed, 
indicating the reaction was efficient within 6 min by consuming silicon hydrides. It is 
worth noting that the vibration absorption band of thiol S-H at 2550-2620 cm-1, 
however, was not identifiable in the spectrum of the capped sample. This is probably 
because the absorption signal is commonly known as weak and broad as evidenced by 
the IR spectrum of the neat allyl mercaptan in Figure 3.35c. 
 
 
Figure 3.36 Deconvoluted XPS spectra of Si 2p, S 2p, C 1s and O 1s regions of PS-60-05-MW and 
Si 2p of freshly prepared PS-60-05. 
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The chemical bonding of thiol-capped PS-60-06-MW sample was also revealed in the 
XPS analysis (Figure 3.36). For comparison, the Si 2p XPS spectrum of freshly made 
PS-60-05 was also recorded which saw the distinctive single peak at 99.8 eV from Si-Si 
in accordance with its surface nature as described previously. While the Si 2p spectrum 
of thiol-capped product was fitted by three components of which the respective B.E. 
was centred at 103.4, 102.2, 99.4 eV, attributable to Si-O, Si-C and Si-Si. The 
preservation of thiol functionality after ligand grafting was affirmed by the presence of 
S 2p peak at 164.0 eV in the XPS spectrum, which comprised two sub-peaks in a 1:2 
area ratio at 165.0 eV and 163.8 eV belonging to S 2p1/2 and S 2p3/2 from C-SH bond. By 
calculating the peak area of Si-C and Si-O spectra, thiol coverage was estimated as 43.6% 
of the total surface in this study. 
 
3.4 Summary 
This chapter is devoted to the preparation of mesoporous silicon via electrochemical 
etching method. By anodically etching the mono-crystalline Si wafer, mesoporous 
silicon was produced on the Si chip which shows intriguing morphological 
characteristics of large surface area, mesoporous system and ample hydrogen 
termination. The existence of abundant Si nanocrystallites on the framework is also an 
important feature as they not only give rise to the high surface area but also are able 
to influence the electronic band structure and optical properties of mesoporous silicon. 
The high surface area and open mesoporous network could enhance the mass 
transport in liquid phase applications although it is also largely dependent on the 
actual pore dimension and interconnectivity, which can be altered by adjusting the 
etching variables. An interconnected 3D porous network and a nicely ordered 1D 
channel arrays were characterised in the moderately doped and heavily doped 
mesoporous silicon, respectively. Free standing mpSi can be gained through pulse 
etching and thiol capped mpSi can be prepared via microwave-assisted hydrosilylation 
which was proved to be very efficient because of the selective heating of Si. 
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Chapter 4 
Hydrogen-Terminated Mesoporous Silicon as Visible-Light-
Active Photocatalyst in Dye Degradation 
 
Abstract 
On the basis of a detailed analysis of the morphological, optical and electronic band 
properties, the use of mesoporous silicon with hydrogen termination in visible-light-
driven methyl orange photo-degradation as a model system have been investigated in-
depth in study with gained insights into the varied effects of structural factors, the roles 
of surface species and a deepened mechanistic understanding of its intriguing 
photocatalytic behaviours which is primarily expressed as an interrelated combination 
of photo-generated charge-driven processes and an enhanced hydrogen transfer 
process upon light irradiation. 
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4.1 Overview 
As it is free and abundant, the use of sunlight to store and transfer energy is of great 
importance to environmental protection. Over the past few decades, various photo-
active nanomaterials (transition metal oxides, chalcogenides, plasmonic metal 
nanoparticles etc.)1-2 were developed to harness the renewable solar energy, aiming to 
meet the clean energy demand,3 to tackle climate change,4 and to control the 
deteriorating pollution crisis.5 The large surface area, unique electron conduction 
properties, size dependent effects, etc.6 largely contributed to the excellent 
photocatalytic performance of nanomaterials in eliminating environmental pollutants, 
purifying contaminated wastewater due to heavy metal ions and harmful organic 
compounds such as dyeing agents as one of the main causes.7-8 Despite the remarkable 
progress over the years, narrow light responsive range, fast charge recombination rate, 
high cost of raw materials and associated environmental risks, as well as poor catalyst 
separation efficiency, still substantially limit their engineering applications.9  
As a promising metal-free semiconductor, silicon nanostructures have received great 
attention owing to the environmental friendliness, natural abundance, low production 
cost and tuneable visible light responsiveness.10-12 Significant efforts have been 
dedicated to exploiting the photo-activity of silicon quantum dots (Si QDs),13-14 silicon 
nanowires (Si NWs)15-21 and porous silicon (pSi),22-26 which often show a broad 
absorption over entire spectral range as featured in various studies. As a result, nano-
engineered silicon structures were discovered to possess a comparable photocatalytic 
capability as other inorganic materials in triggering diverse range of redox reactions, 
such as CO2 fixation,13, 19, 27 water splitting,11, 24, 28 organic synthesis29-30 and pollutant 
degradation (e.g. methyl orange, methylene blue, Rhodamine B, phenol and 
nitroaromatics)13, 15-18, 22, 26, 31-34 under visible light irradiation. However, the 
photocatalytic behaviour of silicon nanomaterials is still not so clear yet especially for 
porous silicon which possesses much more complex micro- and nano-structural features 
that will strongly influence the performance compared with the low dimensional Si QDs, 
Si NWs etc. 
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In the last chapter focusing on the synthesis and characterisation of mesoporous silicon 
(mpSi) via electrochemical etching method, two distinctive porous morphologies have 
been discovered, depending on the dopant concentration of the initial wafer material. 
Moderately boron-doped mpSi samples (“PS-J-t”) presented a 3D mesoporous network 
with large surface area while the heavily doped counterparts (“HPS-J-t”) can be descried 
as ordered 1D channel arrays with relatively large pore width. By tuning the etching 
variables (J, t), structural properties (surface area, pore size, pore length, Si 
nanocrystallites) of mpSi material can be controllably altered of which the impacts on 
the optical properties and photocatalytic activity of mpSi in degrading methyl orange 
(MO) under visible light illumination will be revealed in this study. 
This chapter summarized the kinetic results of MO degradation reaction by 
H-terminated mesoporous silicon with various morphologies in the presence and 
absence of external light irradiation. The essential roles of the existence of silicon 
nanocrystallites and hydrogen passivation on the porous surface were affirmed in our 
experiments with deciding effects on the material’s activity and degradation behaviours. 
Large surface area, large mesopores, open mesoporous structure and abundant surface 
hydrides facilitated the mass transport and promoted the photo-degradation process 
while the activity of ordered 1D channel arrays of heavily doped samples was further 
enhanced by the well-defined crystalline framework and better electrical conductivity.  
By analysing the organic carbon content, active species and band potentials, the 
photocatalytic mechanism of H-terminated mesoporous silicon materials was proposed, 
which illustrated the different photochemical and chemical degradation pathways of 
MO molecules simultaneously occurring on the Si interface. Last but not the least, as 
shown later in this study, monolithic mpSi samples can also be efficiently separated from 
the reaction system and an excellent reusability was exhibited with a remaining 88% of 
the initial efficacy after 10 cycles of photo-degradation. 
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4.2 Experimental section 
4.2.1 Photocatalyst preparation 
H-terminated mesoporous silicon were prepared by electrochemical etching of mono-
crystalline Si wafers (Table 2.1) following the same experimental procedure as described 
in Chapter 2. All the monolithic mesoporous silicon samples engaged in this study and 
their respective etching conditions (J and t) are summarized in Table 4.1. 
 
Table 4.1 List of as-etched mesoporous silicon studied in Chapter 4 and the corresponding 
etching conditions applied in the electrochemical preparation. 
Mesoporous silicon 
samples 
Etching current density 
/ mA·cm-2 
Etching time 
/ min 
PS-10-15 10 15 
PS-30-05 30 05 
PS-30-15 30 15 
HPS-150-05 150 05 
HPS-200-05 200 05                                        
HPS-400-05 400 05 
 
Besides, free-standing H-terminated mpSi microflakes (PS-30-15-F and HPS-200-05-F) 
and oxidized mpSi materials (PS-30-15-[O] and HPS-150-05-[O]) were also obtained via 
methods included in Chapter 2 and their activities in MO degradation under visible light 
irradiation were also investigated. 
 
4.2.2 Photocatalyst characterisation 
The structural morphologies of mpSi samples were recorded using FE-SEM and HRTEM 
techniques. The optical properties and electrical band gap were measured by UV-Vis and 
fluorescence spectrometers with DCM used as dispersion medium. FTIR spectra of mpSi 
materials were also collected to reflect the surface chemistry during reaction process. 
All measurement parameters were the same as described in Chapter 2 unless otherwise 
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stated. Notably, many samples listed in Table 4.1 including PS-10-15, PS-30-15 and 
HPS-150-05 had already been characterised by a range of techniques in Chapter 3. Thus, 
these results were also selectively mentioned in this chapter when necessary. 
 
4.2.3 Photocatalytic evaluation 
The photocatalytic behaviours and structural effects of H-terminated mesoporous  
silicon were assessed by the photo-degradation of methyl orange (MO) under visible 
light irradiation at room temperature. The unreacted dye concentration and organic 
carbon content of MO solution were measured respectively by UV-Vis spectrometer and 
TOC analyser at different time intervals of photocatalytic process. Apparent rate 
constants were analysed which revealed the effects of various surface and pore factors 
of mpSi on the photocatalytic efficiency. A series of trapping experiments using 
2-propanol, ethanol, and triethanolamine (TEOA) were carried out to identify the main 
active species involved in the organic decomposition process and the lifetime of mpSi 
photocatalyst was evaluated through cycle test. All experimental procedures and 
instrumental parameters were the same as outlined in Chapter 2 unless otherwise 
specified. 
 
4.3 Results and discussion 
4.3.1 Characterisation of mesoporous silicon photocatalysts 
Prior to the investigation of photocatalytic activity, the structural morphology and 
optical properties of PS-30-15 and HPS-150-05 fabricated by electrochemical etching 
method were first examined and discussed.  
 
4.3.1.1 Structural features of PS-mpSi 
The interconnected 3D porous network of PS-30-15 is evident in the FE-SEM images as 
shown in Figure 4.1 and HRTEM images in Figure 4.2. The average pore size was 
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measured as 4.7 nm as seen in the PSD curve in inset Figure 4.1A, which is slightly bigger 
than the mean pore diameter (3.43 nm) determined by BJH approach based on nitrogen 
adsorption isotherms. In fact, as mentioned in the IUPAC Technical report published in 
2015, it was shown that the Kelvin equation based procedures, such as the BJH method, 
tend to underestimate the pore size for narrow mesopores, e.g. for pore diameter 
< 10 nm, the pore size will be underestimated by 20%-30%.35 HRTEM images show 
clearly a matrix of isolated silicon nanocrystallites. Lattice fringes of Si (111) plane with 
a 0.313 nm inter-planar spacing were observed in a 5.4 nm Si nanoparticle recorded in 
Figure 4.2B inset. The SAED pattern shows distorted diffraction spots which are 
attributable to the (111), (202), (220) planes of the diamond cubic crystal structure of 
silicon as marked in Figure 4.2C. 
 
 
Figure 4.1 Plane view (A) and Cross section (B) FE-SEM images of PS-30-15. Inset A: histogram of 
pore size distribution derived from FESEM micrographs. 
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Figure 4.2 HRTEM images (A, B) and SAED pattern (C) of PS-30-15. 
 
4.3.1.2 Structural features of HPS-mpSi 
In agreement with the previous findings in chapter 3, a nicely ordered 1D channel array 
was featured in HPS-150-05. The high degree of order was clearly reflected in the 
FE-SEM (Figure 4.3) and HRTEM images (Figure 4.4), showing very straight and parallel 
channels along the [100] direction. The 9.4 nm channel width revealed in the HRTEM 
image is consistent with the BJH analysis result (9.55 nm, Table 3.5) and very close to 
the value derived from the FESEM images (10.5 nm). The bright diffraction spots in the 
SAED pattern and the Si (111) lattice fringes observed on the pore walls confirm the 
well-defined crystalline structure of HPS-150-05 sample. The much thicker pore walls 
ensured a good crystallinity and mechanical stability of the primary structure, and 
maintained the isolation of the pores as well. 
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Figure 4.3 Plane view (A) and Cross section (B) FE-SEM images of HPS-150-05; Histogram of pore 
size distribution (C) of HPS-150-05 derived from FE-SEM micrographs. 
 
 
 
Figure 4.4 HRTEM images (A, B) and SAED pattern (C) of HPS-150-05. 
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4.3.1.3 Optical analysis of PS-mpSi and HPS-mpSi 
4.3.1.3.1 Light absorption 
As presented in Figure 4.5, UV-Vis absorption spectra of PS-30-15 (a) and HPS-150-05 (b) 
were collected, showing a broad absorption band maximized at 254 nm, 290 nm 
respectively. The substantial blue shift of the peak position in comparison to the near-
IR absorption wavelength of Si bulk crystal (c. 1100 nm) indicates a significantly widened 
bandgap between the conduction and valence bands due to the quantum confinement 
effects of the constituted Si nanocrystals.36 Therefore, the absorption efficiency of 
incident photons with energies between 1.8 eV and 3.1 eV corresponding to visible light 
range 700-400 nm was effectively increased. As an indirect bandgap semiconductor, the 
absorption coefficient of Si is often very low.37 However, the mesoporous structure of 
mpSi samples partially made up for the deficiency by suppressing the broadband 
reflection of light at the interface.10, 18 Therefore, more photons in a broad wavelength 
range were absorbed by these structures and more visible light energy could hence be 
harnessed to separate electron/hole (e-/h+) pairs by mpSi materials. 
 
 
Figure 4.5 UV-Vis absorption spectra of freshly made PS-30-15 (a) and HPS-150-05 (b). 
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4.3.1.3.2 Light emission 
 
 
Figure 4.6 PL emission spectra of freshly made PS-30-15 (a), HPS-150-05 (b) and aged PS-30-15 
(c). Excitation wavelength = 320 nm, 390 nm cut-off. 
 
Multiple PL bands were featured in the PL emission spectra shown in Figure 4.6, at 
460 nm, 521 nm and 609 nm for PS-30-15, 474 nm and 520 nm for HPS-150-05. Although 
the origin of the photoluminescence emitted by pSi is still under debate, many studies 
suggest a number of combined factors could contribute to the light emitting process, 
such as quantum confinement effect, structural defects, surface oxidation, framework 
distortion etc.38-39 For example, the red emission at 609 nm seen in the spectrum of 
freshly made PS-30-15 is often associated with an oxidation effect.40-41 As displayed in 
the emission spectrum of the aged PS-30-15 which was left in the air for several days 
under ambient conditions, the same 609 nm signal clearly was intensified. Surface 
oxides and existing defects are known as radiative recombination sites for excitons 
hence impairing the lifetime of photo-generated e-/h+ that are key to driving the 
reductive photochemical reactions aimed for.42 
Moreover, it is well acknowledged that the lower fluorescence intensity represents a 
higher separation efficiency of e-/h+ pairs, which indicates a better photocatalytic 
activity of the nanomaterials. Thus, HPS-150-05 is very likely to produce longer-lived 
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photo-induced free charges, indicated by the considerably lower emission intensity and 
the absence of 609 nm signal despite the fact that it absorbed more incident photons  
(λext = 320 nm) than PS-30-15. This enhancement in e-/h+ stability can be reasonably 
explained by the improved charge mobility across the surface of HPS-150-05 because of 
better electrical conductivity, lattice integrity, and higher resistance to oxidation than 
PS-30-15. 
 
4.3.2 Photocatalytic activities of mesoporous silicon in dye degradation 
This section displays the photocatalytic activity of PS-30-15 and HPS-150-05 in methyl 
orange photo-degradation under visible light irradiation taking advantage of the broad 
light absorption capability and large surface area. 
 
 
Scheme 4.1 Molecular structure of methyl orange. 
 
 
4.3.2.1 Control experiments 
Figure 4.7 presented several examples of the control experiments including the self-
decomposition of dye molecules, adding moderately-doped or heavily doped Si chip 
with/without external visible light illumination. As shown, the peak absorbance of MO 
molecule at 464 nm almost retained its intensity as the initial value at different time 
intervals. The photolysis of MO on its own was negligible and MO molecules were also 
very stable in the presence of any Si chip under visible light irradiation.  
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Figure 4.7 UV-Vis absorption spectra of 50 µM MO solution at different time intervals, on its own 
under visible light irradiation (A), with heavily doped p-type Si chip under visible light irradiation 
(B), with moderately doped p-type Si chip (C: under visible light irradiation, D: in the dark). 
 
4.3.2.2 The photocatalytic activity of PS-mpSi in dye degradation 
Figure 4.8 shows the variation of MO absorbance as a function of degradation time in 
the presence of PS-30-15 under visible light irradiation (Figure 4.8A) and the same 
correlation for the unirradiated PS-30-15 (Figure 4.8B). Under visible light irradiation, 
MO absorbance was gradually reduced to less than 5% of the initial intensity after 5 
hours, accompanied by the bleaching of the aqueous solution as photographed in 
Figure 4.8 inset, revealing a concentration decay of the dye solution in accordance with 
the degradation process. The peak position was shifted from 464 nm to 466 nm which 
is possibly attributable to the monohydoxylated product of MO molecule, representing 
the oxidation in the aromatic ring.43 
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Interestingly, without any illumination, the absorption intensity of the organic dye over 
PS-30-15 was still observed to be dwindling although at a slower rate and with a constant 
peak position at 464 nm. The disappearance of MO under dark condition is expected to 
be related to physical adsorption and the surface hydrides of mpSi. The “dark” behaviour 
of mpSi material will be discussed with more examples and experimental evidence in 
the latter part of this chapter.  
 
 
Figure 4.8 UV-Vis absorption spectra of MO solution before and after adding PS-30-15 as a 
function of degradation time in the presence (A) / absence (B) of visible light illumination. 
 
 
Figure 4.9 The degradation rates (A) and first order kinetics (B) of MO degradation over PS-30-15 
(light on: closed circle; light off: open circle). Photolysis of MO solution on its own was plotted 
as reference (square). 
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As presented in Figure 4.9A, the concentration ratios of unreacted MO molecules 
derived from the UV-Vis absorption data were plotted against the decomposition time. 
A first order reaction model was applied to determine the reaction rate constant 
(Figure 4.9B).44 It was revealed as 0.39 h-1 under visible light irradiation and 0.22 h-1 in 
the dark for PS-30-15. As observed the plot of dark condition in Figure 4.9A was in fact 
based on a zero order reaction model of which the rate constant was calculated as 
0.17 h-1. This is likely due to an insufficient active sites on the surface of PS-30-15 for 
organic substrates to react with, implying different reaction pathways between 
unirradiated sample and irradiated sample under visible light illumination. 
 
4.3.2.3 The photocatalytic activity of HPS-mpSi in dye degradation 
The photocatalytic activity of HPS-150-05 in degrading MO molecules was also 
evaluated. As exhibited in Figure 4.10A, MO molecules were completely diminished 
within 210 min under visible light irradiation. In contrast, under dark condition, the 
decay was noticeably slower. The peak shift from 464 nm to 470 nm is attributed to the 
formation of hydroxylated degradation products of MO, a part of the photocatalytic 
oxidation process. According to the published HPLC/MS results in previous studies of 
MO photo-degradation, the hydroxylated intermediate was possibly some derivative 
form of the m/z = 322 compound shown below which has an absorption peak 
wavelength at 470 nm.43 
 
 
Scheme 4.2 Structural formula of methyl orange degradation intermediate with m/z = 322. 
 
 
 
Chapter 4 
Mesoporous Sil icon in Dye Degradation 
 
 
147 
 
 
Figure 4.10 UV-Vis absorption spectra of MO solution before and after adding HPS-150-05 as a 
function of degradation time in the presence (A) / absence (B) of visible light. 
 
 
Figure 4.11 The degradation rates (A) and first order kinetics (B) of MO degradation over 
HPS-150-05 (light on: closed up triangle; light off: open up triangle). Photolysis of MO solution 
on its own was plotted as reference (square). 
 
Likewise, the degradation kinetics of HPS-150-05 were also analysed. As seen in 
Figure 4.11, the apparent reaction rate constant (k) was calculated as 0.86 h-1 for the 
irradiated HPS-150-05 and 0.48 h-1 for the same sample in the dark. 
As shown in these examples of PS-30-15 and HPS-150-05, the commonly required 
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any physical contact between pSi and MO molecules leads to the destruction of the 
organic structure rapidly due to the reactivity of hydrogen termination on the Si surface 
which can be referred to further discussion in 4.3.4. Nonetheless, it’s clear that the 
physical adsorption by pSi indeed contributed to the overall decrease in MO 
concentration thus further evidence is necessary to estimate this impact by e.g. taking 
UV-Vis absorption spectra of the substances washed off the catalyst surface. Some 
insight was also reflected in the results of adsorbed MO by oxidized PS-30-15 and 
HPS-150-05 as shown in 4.3.3.6 that the extent of pure physisorption was relatively small 
which is likely related to the total amount of surface area available. 
 
4.3.3 Impact of various factors on photocatalyst performance 
In addition to PS-30-15 and HPS-150-05, other mpSi samples were also prepared via 
electrochemical etching by adjusting the etching conditions or adding some post-etching 
treatments. And their photocatalytic activity in MO degradation under visible light 
irradiation was assessed. The varied effects of porous morphology, silicon 
nanocrystallites, pore depth, light responsiveness, as well as free-standing mpSi 
microflakes and surface oxidation will be investigated in this section. 
 
4.3.3.1 Porous morphology 
Firstly, the comparison was drawn between PS-30-15 and HPS-150-05 to understand the 
influences of porous morphology in determining the photocatalytic performance of 
H-terminated mpSi materials. It is widely acknowledged that a large surface area of 
photocatalyst is appreciable as it can efficiently promote the surface-initiated 
photochemical reactions for example of the MO photo-degradation in this study. As 
disclosed in Chapter 3, PS-30-15 (SSA = 907.0 m2·g-1, Table 3.4) possesses a considerably 
larger surface area than HPS-150-05 (SSA = 458.5 m2·g-1, Table 3.5). However, the kinetic 
analysis displayed above of photocatalytic degradation over PS-30-15 and HPS-150-05 
shows the benefits of the significantly larger surface area were greatly compromised by 
some other factors so the actual degradation efficiency of PS-30-15 is lower than 
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HPS-150-05 with or without irradiation. In fact, the unirradiated experimental results 
further confirm the influences of porous morphology as the higher photocatalytic 
activity exhibited by HPS-150-05 is also partly contributed by its better light 
responsiveness and longer lifetime of the excited e-/h+ charge carriers. 
Since the external surface area of these monolithic mpSi samples is very limited, most 
mass/energy transfer took place inside the mesopores but the accessibility to the 
abundant internal surface is predominantly governed by the pore features. In this study 
although the porous morphology of both mpSi samples could be interpreted as vertically 
aligned mesopores along the [100] direction but the pore width and pore 
interconnectivity varied largely. The mean pore size was calculated as 3.43 nm for 
PS-30-15 and 9.55 nm for HPS-150-05 as mentioned above. The layer thickness of 
PS-30-15 and HPS-150-05 was 20.7 μm and 34.0 μm respectively. The larger pore size 
and better ordered straight channel structure of HPS-150-05 could effectively ease the 
diffusion resistance for MO molecules and therefore the degradation reaction was 
accelerated. Whereas the interconnected porous network of PS-30-15 increased the 
travel distance for substrate compound to reach the active surface site to be converted. 
 
4.3.3.2 Silicon nanocrystallites 
 
Figure 4.12 The degradation rates (A) and first order kinetics (B) of MO degradation over 
PS-10-15 (light on: closed down triangle; light off: open down triangle) and PS-30-15 (light on: 
closed circle; light off: open circle). Photolysis of MO solution on its own was plotted as reference 
(square). 
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As known from previous results in Chapter 3, the size of Si nanocrystallites embedded 
on the pore walls was estimated as 7.08 nm for PS-30-15 and 11.22 nm for PS-10-15 
based on their XRD profiles, which might be slightly overestimated as the crystal size of 
PS-30-15 appeared to be 5.4 nm from the HRTEM measurement (Figure 4.2). 
Nonetheless, the photocatalytic performance of PS-10-15 was also investigated under 
visible light irradiation, as shown in Figure 4.12. The apparent rate constant is 0.65 h-1, 
or 0.011 min-1 which appears to be quicker than PS-30-15, likely due to the thinner layer 
thickness and less interconnectivity of porous system. Interestingly, like PS-30-15 
sample, MO disappearance was also observed without any illumination which also 
followed a pseudo first order reaction model44 and the rate constant was calculated as 
0.57 h-1, or 0.010 min-1 for unirradiated PS-10-15. 
According to quantum confinement theory, the impact of spatial confinement is not the 
same for different materials, as it depends on characteristic length scales of a given 
property, the so-called Bohr exciton radius (a0), a physical dimension describing the 
most probable distance between the electron and hole in an exciton by analogy to the 
Hydrogen atom, which ranges from ~2 to ~50 nm depending on the semiconductor’s  
chemical composition and structure.45 Spatial confinement begins to affect the exciton 
wave function as the size of the nanocrystals approaches a0, giving rise to discrete 
energy levels and widened CB/VB bandgap. The value of  a0 for silicon is known as 
4.3 nm,46 which is smaller than the size of Si nanocrystallites of PS-10-15 mentioned 
above. Therefore the impact of quantum confinement was no longer observable which 
eventually led to the poor photo-activity as revealed. 
 
4.3.3.3 Pore depth 
The effect of pore depth was revealed in the study of PS-30-05 as displayed in 
Figure 4.13. Its apparent rate constant in MO photo-degradation under visible light 
irradiation was determined as 0.85 h-1, which is significantly higher than the 0.39 h-1 of 
PS-30-15 that was made under the same etching current density (30 mAcm-2). As 
discussed above, the photocatalytic behaviour and degradation rate depend heavily on 
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the porous morphology of photocatalyst and various pore properties such as 
geometrical size and shape. According to the previous finding in Chapter 3, the impact 
of etching time on the pore size of mpSi is insignificant, which indicates identical pore 
dimensions for PS-30-05 and PS-30-15 (d = 3.43 nm, Table 3.4). However, the layer 
thickness of PS-30-05 was only 5.5 μm due to the much shorter etching duration. The 
thinner layer of mpSi means shorter pore length and diffusion path for dyes thus 
promoted the photo-degradation process. 
 
 
Figure 4.13 The degradation rates (A) and first order kinetics (B) of MO degradation over 
PS-30-05 (closed diamond) and PS-30-15 (closed circle) under visible light irradiation. Photolysis 
of MO solution was plotted as reference (square). 
 
4.3.3.4 Visible light responsiveness 
HPS-200-05 was fabricated by electrochemical etching and its porous structure was 
examined by nitrogen adsorption technique. As shown in Figure 4.14A, the specific 
surface area of HPS-200-05 was 408.6 m2·g-1 and its average pore diameter was 
12.26 nm which is larger than the 9.55 nm of HPS-150-05 due to the higher etching 
current density applied in the preparation of HPS-200-05. It also had stronger light 
absorption ability in the visible light spectral range at wavelength greater than 400 nm, 
as conveyed by the UV-Vis absorption spectrum in Figure 4.14B. This result implies that 
more energy from the visible light photons can be utilized in charge separation by 
HPS-200-05 to generate more energized e-/h+ for triggering MO degradation.  
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Figure 4.14 Nitrogen sorption isotherms (A) of HPS-200-05, inset pore size distribution curve 
acquired by BJH approach; UV-Vis absorption spectra (B) of HPS-150-05 (a) and HPS-200-05 (b). 
 
 
Figure 4.15 The degradation rates (A) and first order kinetics (B) of MO degradation over 
HPS-200-05 (light on: closed diamond; light off: open diamond), HPS-150-05 (light on: closed up 
triangle; light off: open up triangle) and HPS-400-05 (light on: closed down triangle). Photolysis 
of MO solution on its own was plotted as reference (square). 
 
As shown in Figure 4.15, the actual rate constant was 1.98 h-1 for HPS-200-05, which is 
remarkably quicker than the 0.86 h-1 of HPS-150-05. Meanwhile, its unirradiated 
experiment also shows a faster reaction rate (k = 0.57 h-1) than the unirradiated 
HPS-150-05 (k = 0.48 h-1) because of the enhanced mass transfer by the larger pores of 
HPS-200-05 structure, although the improvement was not as significant as the irradiated 
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condition. Further increasing to 400 mAcm-2, the photocatalytic activity of HPS-400-05 
was evaluated as well with a reaction rate constant of 1.49 h-1. 
It is clear to see that HPS-150-05, HPS-200-05 and HPS-400-05 outperformed PS-30-15 
and PS-30-05 undoubtedly due to the ordered channel system, wider mesopores, and 
well-defined crystallinity of the heavily doped mpSi samples. The morphological 
qualities enabled them to be more efficient in mass transportation and charge 
separation/transfer during MO photo-degradation under visible light irradiation. 
 
4.3.3.5 Free-standing microflakes 
As discussed previously in Chapter 3, as-etched mpSi layer can be lifted off the un-etched 
substrate and further treated with sonication to make micrometre sized mpSi flakes. 
Here free-standing PS-30-15-F and HPS-200-05-F microflakes were prepared. As shown 
in the IR spectra (Figure 4.16), the hydrogen passivated surface was well preserved after 
ultrasound-induced pulverization and only very few oxides were formed on the surface.  
 
 
Figure 4.16 ATR-IR spectra (A) of PS-30-15-F (a) and HPS-200-05-F (b) 
 
The photocatalytic performance of PS-30-15-F and HPS-200-05-F were demonstrated in 
Figure 4.17 with the rate constant determined as 0.68 h-1 and 2.31 h-1, respectively. After 
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mpSi layer was freed from its mother chip, both ends of the pores became wide open 
so that substrate molecules gained the access to the internal surface more easily. 
Therefore, the mass exchange between the dye solution and the porous system was 
accelerated. Besides, varied degrees of the reaction rate enhancement were observed, 
which is 73% for PS-30-15 and 17% for HPS-150-05. This result further emphasized the 
influence of aforementioned porous morphology. As the diffusion barrier encountered 
in the porous system of PS-30-15 was effectively reduced after the internal surface sites 
became more available to the outside environment by making pore completely open. 
 
 
Figure 4.17 The degradation rates (A) and first order kinetics (B) of MO degradation over 
PS-30-15 (circle), PS-30-15-F (diamond), HPS-200-05 (down triangle) and HPS-200-05-F (up 
triangle) under visible light irradiation. Photolysis of MO solution on its own was plotted as 
reference (square).  
 
4.3.3.6 Surface chemistry 
Silicon hydrides are known to be reactive and essential to the performance of porous  
silicon obtained by electrochemical etching.16, 47-49 The bond dissociation energy of Si-H 
is 318 kJ·mol-1 which is even higher than the 222 kJ·mol-1 of Si-Si bond.50 Despite this, 
the bond polarity enhances the reactivity of Si-H bond which may affect the charge 
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which is commonly used in biomedical studies of porous silicon-based materials.51-54 As 
indicated in the IR spectra of HPS-150-05-[O] and PS-30-15-[O] (Figure 4.18), SiHx signals 
were completely disappeared. Instead, the spectrum was dominated by a broad 
absorption at 1050 cm-1 from Si-O-Si stretching mode, while Si-Si bond at 615 cm-1 was 
still visible in the IR spectra.  
 
 
Figure 4.18 ATR-IR spectra of (a) HPS-150-05-[O] and (b) PS-30-15-[O]. 
 
 
Figure 4.19 UV-Vis absorption of MO solution before and after adding HPS-150-05-[O] (A), 
PS-30-15-[O] (B) at different time intervals under visible light irradiation for 5 hours. 
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The evaluation of photocatalytic results (Figure 4.19) clearly show that the 
photocatalytic activity of HPS-150-05-[O] and PS-30-15-[O] were completely inhibited 
and only a slight reduction in MO concentration was detected which is mainly due to the 
physical adsorption by the porous structure and implies that SiHx is largely responsible 
for the observed activity of H-terminated mpSi towards MO molecules under dark 
condition as well. This experimental result provided solid evidence that silicon hydrides 
formed on the surface of mpSi is the determinant factor in the activity and behaviours 
of H-terminated mpSi with or without any light irradiation.  
 
4.3.4 Dye degradation behaviour under dark conditions  
The surface state of mpSi is crucially important in the photocatalytic performance under 
visible light irradiation. In fact, surface hydrides are also directly related to the “dark” 
activity exhibited by H-terminated mpSi in MO degradation as shown in the previous  
results summarized in Table 4.2 below.  
 
Table 4.2 The MO degradation rate constant and degradation efficiency of H-terminated 
mesoporous silicon samples with or without visible light irradiation. 
Mesoporous 
silicon  
Visible light 
illumination 
Rate constant, k 
/ h-1 
Decomposition efficiency, η a 
/ % 
PS-10-15 ON 0.65 41.2 
 OFF 0.57 44.9 
PS-30-15 ON 0.39 23.7 
 OFF 0.22 13.7 
HPS-150-05 ON 0.86 53.9 
 OFF 0.48 40.0 
HPS-200-05 ON 1.98 89.7 
 OFF 0.57 41.0 
a Decomposition efficiency (η): the concentration ratio of decomposed MO molecules after 60 min with 
or without external i l lumination. 
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Apart from PS-10-15, other three mpSi samples with various porous morphologies  
(PS-30-15, HPS-150-05 and HPS-200-05) all presented a considerable ability to bleach 
methyl orange through chemical conversion in the dark, more clearly seen in Figure 4.20 
derived from the kinetic data in Table 4.2 above. Due to their varied surface and pore 
properties, the MO decomposition efficiency was different as HPS-150-05 and 
HPS-200-05 showed the fastest degradation rate for more efficient mass transfer in and 
out of the porous framework. Detailed explanation can be referred to the results and 
discussion illustrated in 4.3.3.1 and 4.3.3.4. 
 
 
Figure 4.20 The column chart of decomposition efficiency (η) of PS-30-15, HPS-150-05 and 
HPS-200-05 in MO degradation with or without external illumination for 60 min. 
 
Comparing with other photocatalytic investigations of porous silicon in literature, our 
H-terminated mpSi samples exhibited outstanding activity toward MO without light 
irradiation due to the abundant surface area and open mesoporous morphology 
possessed by mpSi materials in this study. Meanwhile the surface tension created by the 
highly porous nanostructure of mpSi, is also likely to enhance the reactivity of SiHx 
groups on the roughened surfaces, as suggested by previous studies.55 
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As we know, the reduction activity of Si-H bond contained by nanostructured Si 
materials is widely exploited in surface modification with alkene, alkyne, 
aldehyde etc.,56-59 and in electroless deposition of metallic nanoparticles via in situ 
reduction of metal ions such as Ag+, [PtCl4]2-, Cu2+, Ni2+ etc.60-62 The versatility of its 
applications are also seen in the reduction of nitroarenes,48 CO2,49, 63 and the 
dehydrogenation of secondary alcohol64 by Si NWs and NWs arrays of which the activity 
was reported to be comparable to many functional inorganic materials used in 
photochemical or electrochemical transformations including P-doped TiO2, 
Pt nanoparticles.47 More importantly, the Si-H bond has also shown its reduction 
capability for fabric azo dyes such as Remazol dyes,55 methylene blue65 in several studies 
of Si NWs prepared by metal-assisted chemical etching approaches. Considering these 
experimental results, the following degradation pathway was proposed in this study 
(Scheme 4.3). By reducing the azo bond via hydrogen transfer from the surface hydrides  
of H-terminated mesoporous silicon, MO molecules were converted into sulfanilic acid 
and dimethyl-4-phenylenediamine. 
 
 
Scheme 4.3 Proposed decomposition pathway of methyl orange by H-terminated mesoporous 
silicon. 
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Figure 4.21 UV-Vis absorption spectra of methyl orange (a), sulfanilic acid (b) and unreacted MO 
solution in the presence of PS-30-15 after 210 min without external illumination.  
 
As shown in Figure 4.21, the UV-Vis absorption spectrum of methyl orange solution is 
mainly composed by two absorption bands at 464 nm and 271 nm originated from the 
π-conjugated system. After adding mpSi, the intensity of these two peaks decayed as 
the azo bonds of methyl orange molecules were destroyed over time. Meanwhile, the 
appearance and gradual growth of a new peak at 246 nm was also observed at different 
time intervals, which is likely contributed by the two end products, described above. As 
Figure 4.21b clearly shows the characteristic absorption maximum for sulfanilic acid (SA) 
is at 248 nm while it has been reported around 242 nm for dimethyl-4-
phenylenediamine (DMPD) as well.66 
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Figure 4.22 ATR-IR spectra of PS-30-15 at different time intervals during MO degradation 
without light illumination, 0 min, 60 min, 120 min, 240 min and 360 min, respectively. 
 
Figure 4.22 shows the IR spectra of PS-30-15 at different time intervals of MO 
degradation under dark condition. The vibrational signals of Si-H bond at 2080-2140 cm-1 
and 910 cm-1 decreased accordingly with the Si-O-Si absorption peak at 1000-1100 cm-1 
intensified, confirming the consumption of surface hydrides by organic dyes and the 
formation of surface oxides on mpSi.  
 
4.3.5 Dye degradation behaviour under visible light irradiation 
The photocatalytic mechanism of MO degradation under visible light irradiation by 
H-terminated mesoporous silicon was proposed based on the analysis of total carbon 
content, active species, and electronic band structure of mesoporous silicon.  
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4.3.5.1 Accelerating effect of visible light irradiation 
After visible light irradiation was applied, the behaviours of mpSi toward MO was 
immediately altered and the degradation rate was accelerated significantly. As displayed 
in Figure 4.23, in the presence of HPS-200-05, MO concentration was first measured 
twice every 30 min in the dark and then the lamp was switched on and the system was 
irradiated by the visible light source for another 120 min. The 1st order reaction rate was 
estimated as 1.72 h-1 under visible light irradiation, in accordance with the previous  
result (k = 1.98 h-1).  
 
 
Figure 4.23 The temporal course (A) and first-order kinetics (B) of MO degradation in the light 
off/on experiment of HPS-200-05 (lamp was turned on after 60 min in the dark). 
 
As mentioned previously, MO molecules were likely being converted into SA and DMPD 
as shown in Scheme 4.3 by mpSi through hydrogen transfer, which accounts for the 
major degradation activity in the dark. In fact, the presence of these products was also 
observed under visible light irradiation at room temperature. As displayed in Figure 4.24, 
the increasing rate of the peak intensity of 246-247 nm centred is far greater than that 
of the dark condition, which signifies an elevated reactivity of Si-H bond under visible 
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light illumination. As the visible light is not sufficiently energetic to cleave the surface 
Si-H bond which requires a minimum wavelength of approximately 354 nm,67 and also 
not capable of inducing total ejection of the electrons photogenerated in the conduction 
band as suggested in previous studies of UV-promoted hydrosilylation.68 Therefore, the 
activation barrier for hydrogen transfer was lowered. This is more likely to be a result of 
its own solid-state electronics and surface environment by localizing photogenerated 
charge carriers at specific surface sites, probably Si-H sites, in which way the reductive 
activity was enhanced. To back this assumption up, similar proposal was also found in 
literature which discovered so called exciton-based mechanism in the study of surface 
hydrosilylation of H-terminated Si nanomaterials.69 
 
 
Figure 4.24 UV-Vis absorbance of absorption peaks at 464 nm and 246 nm of MO solution over 
HPS-200-05 at different time intervals in the dark (A), and under visible light irradiation (B). 
 
4.3.5.2 Total organic carbon analysis 
By measuring the organic carbon content of unreacted MO solution during 
photocatalysis, the progress of photochemical degradation was monitored. As 
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after 60 min irradiation and 20.4% after 120 min irradiation time for HPS-150-05, 
showing a mineralization process occurred to dye molecules in the reaction system by 
mpSi under visible light irradiation.  
 
 
Figure 4.25 The evolution of MO concentration (-ΔC/C0) and total carbon content (-ΔTOC/TOC0) 
of the 50 µM MO solution degraded by HPS-150-05 under visible light irradiation. 
 
According to photo-mineralization mechanism, organic matter is ultimately converted 
into CO2, H2O and inorganic ions (e.g. NO3-, NH4+, SO4-), through photocatalytic oxidation 
which is initiated by photon-generated holes (h+), or by reactive oxygen-related species 
(ROSs) produced on the CB/VB of irradiated semiconductor photocatalyst (Scheme 4.4). 
Superoxide anion radical (·O2-), hydroxyl radical (·OH), hydrogen peroxide (H2O2) and 
singlet oxygen (1O2) are amongst the most active ROSs that are capable of oxidizing 
various organic substances because of their high oxidation potential.  
 
 
Scheme 4.4 Mineralization process of methyl orange by photo-generated species. 
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It is also known that the TOC removal rate is naturally slower than the reduction in the 
concentration of organic substrate. Rather than simply destroying the chromophore 
group of the azo dye, photo-mineralization involves various reaction intermediates  
formed by bond cleavage, demethylation and hydroxylation, etc. during the 
fragmentation of the substrate molecules, since the radical species are not so selective 
in general.43, 70  
Notably the carbon loss became stagnant after 120 min irradiation time while the 
concentration of MO molecules constantly decayed. Due to the active participation of 
silicon hydrides in MO reduction as described above, oxides were gradually formed on 
the surface of mpSi as shown in Figure 4.22, and reduced the photo-oxidative activity of 
mpSi. In fact, surface oxides are reported to be able to compete with Si-H on the electron 
extraction and strongly influence the separation efficiency of photon-induced e-/h+ 
pairs.21 While Si-H functionalities can act as electron sinks, trapping photo-excited 
electrons, therefore preventing the e-/h+ recombination, and consequently enhancing 
the oxidizing ability of mpSi photocatalyst.15 
 
4.3.5.3 Active species analysis 
To further explore the photocatalytic mechanism, a series of trapping experiments were 
performed to determine the primary active species involved in the photocatalytic 
process of MO degradation over mpSi material under visible light irradiation. The results 
of adding different radical scavengers into the system are displayed in Figure 4.26.  
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Figure 4.26 Decomposition efficiency of MO degradation by HPS-200-05 added with different 
quenchers (2-propanol, ethanol, triethanolamine) under visible light irradiation for 30 min.  
 
When isopropyl alcohol (a quencher for hydroxyl radical, ·OH) was introduced into the 
reaction system, the photocatalytic reaction rate was almost unaffected after 30 min. 
Thus, hydroxyl radicals were unlikely among the active species in the photo-degradation 
of MO by mpSi.  
After saturating the MO solution with N2, the degradation efficiency declined by 20% 
after 30 min irradiation time as shown in Figure 4.26. It is worth noting that despite the 
depletion of oxygen in the aqueous solution, 56.8% MO molecules were still converted 
which also signifies the influences of visible light irradiation on the action of surface 
hydrides since the disappearance of only ~26% MO was observed in the dark 
(Figure 4.15).  
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most important active species, can be formed (Equation 4.2) which lead to the rapid 
oxidation of substrate molecules. Thus, without dissolved O2, superoxide radical species 
could not be generated thereby the photocatalytic degradation progress of MO was 
inhibited profoundly. Further proof was given by the quenching result of ethanol alcohol 
(a quencher for electrons) which shows the decomposition was hindered after its 
addition into the system. In fact, its electronic band structure as revealed below also 
indicated very similar results. 
 
Equation 4.1 
 
Equation 4.2 
 
Another quencher tested is triethanolamine (TEOA) for the detection of holes (h+). As 
seen in Figure 4.26 , the photocatalytic reaction was inhibited dramatically with only 
around 25% of initial MO were converted after 30 min irradiation. As we also observed 
the release of gases from HPS-200-05, supposedly H2, due to the nucleophilic attack on 
the electron deficient Si-H bond on the surface of mpSi (Equation 4.3). Thus, the 
inactivity is likely due to the depletion of surface hydrides by TEOA quencher.  
 
Equation 4.3 
 
4.3.5.4 Photocatalytic mechanism 
Based on the aforementioned results, a possible photocatalytic mechanism was 
proposed. The bandgap energy (Eg) of mpSi was first estimated by the Tauc method 
based on the UV-Vis absorption data of HPS-150-05 and HPS-200-05 (Figure 4.14). As 
shown in Figure 4.27, it was 2.10 eV for HPS-150-05 and 2.05 eV for HPS-200-05, within 
the reported range of 1.8-2.2 eV for porosified silicon materials.71-72  
 
Si e-cb + h
+
vb
hν
O2 + e
- ·O2
-
Si-H + H2O Si-OH + H2 
δ+ δ-
(HOCH2CH2)3N:
Chapter 4 
Mesoporous Sil icon in Dye Degradation 
 
 
167 
 
Figure 4.27 Tauc plots of HPS-150-05 and HPS-200-05. 
 
The CB/VB band edge potential (ECB and EVB) of semiconductor can be calculated 
according to the following formulas:  
             ECB = χ - EC - 0.5Eg               Equation 4.4 
EVB = ECB + Eg      Equation 4.5 
Eg is the bandgap energy of semiconductor. Ec is the energy of free electrons on the 
hydrogen scale, 4.50 eV. χ is the absolute electronegativity of the component atoms, 
4.77 eV for Si atom.73 
 
Table 4.3 The bandgap and band edge potentials of mesoporous silicon materials  versus Normal 
Hydrogen Electrode (NHE). 
 Eg / eV ECB vs NHE/ V EVB vs NHE / V 
HPS-150-05 2.10 -0.78 1.32 
HPS-200-05 2.05 -0.75 1.30 
Si74 1.10 -0.50 0.60 
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As shown in Table 4.3, the bandgap of mpSi was significantly widened compared to Si 
crystal due to the quantum confinement effects of the Si nanocrystallites embedded on 
the pore walls of the mesoporous structure, rendering the material to be visible light 
responsive and photo-catalytically active. The CB potential of mpSi shifted negatively by 
0.2-0.3 V, which implies an improved reduction capability of CB electrons excited by 
visible light photons. More significantly, its VB potential shifted downwards to 
1.30-1.32 V from 0.60 V of the pristine Si. This positive shift is indicative of an enhanced 
oxidation ability possessed by the valence band holes of mpSi. In fact, the photocatalytic 
activity of Si-based nanostructures is often reported to be restricted by the shallow VB 
band level which results in poor oxidation performance.10 
 
 
Figure 4.28 Band edge positions of Si crystal and mesoporous silicon sample (HPS-150-05) 
relative to NHE (normal hydrogen electrode) and the vacuum level. For comparison, the 
reduction potentials (E0red) of various ROS (e.g. ·O2-, ·OH, H2O2) are also presented. 
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discovered in heterogeneous photocatalysis. The widened bandgap of HPS-150-05 
enabled it to absorb visible light energy and induce e-/h+ charge separation by exciting 
electrons to conduction band. The energetic CB electrons of mpSi can reduce the 
dissolved molecular oxygen into superoxide radical anions (·O2-), in agreement with the 
previous quenching experiment. The insignificance of hydroxyl radicals (·OH) in the 
photocatalytic process is also confirmed by the position of valence band edge of 
HPS-150-05 shown in Figure 4.28 against E0red (·OH/H2O). Despite this, the increased VB 
energy of mpSi is now greater than the H2O oxidation potential, suggesting water 
splitting by mpSi without a sacrificial electron acceptor would be possible and will be 
explored in the future. Figure 4.28 clearly affirmed the results of previous trapping 
experiments, showing superoxide radical anions produced by one-electron reduction of 
dissolved oxygen as the main reactive oxygen species in mpSi-catalysed MO photo-
degradation under visible light irradiation. Besides, the band structure also indicated the 
possibility of the production of H2O2 and ·OH through the reduction of protonated ·O2- 
during the photodegradation process. The existence of ·OH species was also evidenced 
in the earlier analysis of the UV-Vis spectra of the unreacted solution (Figure 4.10) which 
implied the generation of hydroxylated intermediates of methyl orange. 
 
 
Figure 4.29 The proposed photocatalytic mechanism of the degradation of methyl orange by 
H-terminated mesoporous silicon under visible light irradiation and the fragmentation of methyl 
orange by surface hydrides of mesoporous silicon via hydrogen transfer. 
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The photocatalytic mechanism of MO degradation by H-terminated mesoporous silicon 
under visible light irradiation is summarized in Figure 4.29. When the mpSi sample is 
irradiated by visible light source, it absorbs supra-bandgap incident photons (h > Eg) 
and generates photo-excited electrons and holes in its conduction band and valence 
band, respectively. The conduction band electrons then transfer to the mpSi/solution 
interface and reduce dissolved molecular oxygen into superoxide radicals (·O2-) which 
oxidise methyl orange molecule into non-toxic gaseous products such as CO2 and H2O. 
In the meantime, hydroxyl radicals (·OH) are also likely to be formed through the 
protonation and reduction of ·O2- which leads to the production of hydroxylated 
intermediates during the photocatalytic process. However, the effect of ·OH is believed 
to be minor given the low concentration at pH≈7, since the initial protonation of ·O2- 
occurs at pH ≤ 4.8. On the valence band side, dye molecules can be oxidized directly as 
well but the oxidation ability of valence band holes are rather limited by the relatively 
high band edge position thus the production of ·OH by the oxidation of H2O or OH- is 
much excluded. Apart from the charge-driven pathway, chemical decomposition of 
methyl orange via the reductive degradation of the azo linkage also takes place, which 
collaborates with the photochemical pathway and accelerates the decoloration and 
decomposition of organic substances. Interestingly, the reactivity of Si-H bond of the 
irradiated mpSi appears to be stimulated by photons or photo-induced charges, which 
is still uncertain at this stage. Since both chemical and photochemical pathway require 
accessible silicon hydrides, the consumption of active surface hydrides by the chemical 
pathway eventually leads to the decay of photo-oxidation capability of mesoporous  
silicon by affecting e-/h+ separation and recombination.  
 
4.3.6 Lifetime study of mesoporous silicon in dye degradation 
The recyclability of H-terminated mesoporous silicon photocatalyst in MO 
decomposition under visible light irradiation was assessed. As featured in Figure 4.30 , an 
excellent reusability up to 10 cycles was exhibited. For the first three cycles, HPS-200-05 
demonstrated parallel reaction efficiency and it was very well maintained even after 8 
cycles, only slightly decreased to 88% of the initial efficacy as the number of cycles went 
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up to 10. Thus, it is reasonable to assume that a comparable activity will be able to last 
for even longer time. To our best knowledge, this is by far the best reuse performance 
ever achieved on Si-based elemental photocatalysts. 
 
  
Figure 4.30 The cycle runs of HPS-200-05 in visible light driven photo-degradation of methyl 
orange. HPS-200-05 was simply washed with 5 wt. % aqueous HF prior to the next cycle. 
 
Without HF cleaning procedure prior to each cycle, the activity of mesoporous silicon 
upon visible light irradiation decayed rapidly (Figure 4.31). This is largely due to the 
consumption of surface hydrides species and simultaneous formation of surface oxides 
as explained above. 
 
 
Figure 4.31 The cycle runs of HPS-200-05 in visible light driven photo-degradation of methyl 
orange without HF washing in between each cycle. 
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Interestingly, we also tested the reusability of H-terminated mesoporous silicon in MO 
degradation without any illumination using the same regeneration approach by HF 
washing. As presented in Figure 4.32, its activity was maintained and only slightly 
reduced after 5 runs. This result shows H-terminated mesoporous silicon is also a 
promising candidate as a rechargeable hydride source, which can be exploited in many 
applications such as H2 generation, CO2 reduction and organic synthesis for fine 
chemicals. 
 
 
Figure 4.32 The cycle runs of HPS-200-05 in degrading methyl orange in the absence of light. 
HPS-200-05 was simply washed with 5 wt. % aqueous HF prior to the next cycle.  
 
4.4 Summary 
In this study, a highly reusable metal-free photocatalyst in visible-light-driven methyl 
orange photo-degradation was developed via electrochemical etching of 
monocrystalline Si. By absorbing visible light photons with energies equal to or higher 
than the 2.05-2.10 eV bandgap (  598 nm) of H-terminated mesoporous silicon 
enlarged by quantum confinement of silicon nanocrystallites , electron-hole pairs were 
generated and separated with electrons excited to the conduction band creating a 
chemical potential (ECB = -0.78 V, EVB = 1.32 V vs NHE, e.g. HPS-150-05) that triggered the 
generation of reactive oxygen species, mainly superoxide radicals (˙O2−) through single 
electron transfer and other redox events involved in the dye degradation process under 
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visible light irradiation. The broad visible light responsive range, vast accessible surface 
area and significantly released diffusion resistance by the open mesoporous system, 
largely contributed to the excellent decomposition efficiency of mesoporous silicon with 
organic molecules rapidly decolorized and mineralized.  
The complex and important roles played by the surface hydrides of mesoporous silicon 
were also reflected in the reductive degradation of the azo linkage of methyl orange 
without light illumination and the determining influences on the course and rate of 
photochemical activities exhibited by irradiated mesoporous silicon toward methyl 
orange. The reactivity of the Si-H bond not only enabled unsaturated organics to be 
chemically fragmented into smaller molecules, but also led to the competition against 
charge-mediated photochemical degradation that is also strongly reliant on them as 
silicon hydrides can improve the lifetime of separated e-/h+ pairs. Notably, we also 
observed an acceleration in the chemical pathway after applying visible light irradiation 
suggesting the reduction capability of surface Si-H bond was stimulated by most likely 
the photo-induced charges considering the energy of incident photons are too weak to 
break any chemical bonds. Further investigation will be necessary to confirm this result, 
proposedly directed to understand the possible interaction and coupling between 
surface species of mesoporous silicon and the incident photons and photo-induced 
charges. 
The effects of different structural factors on the photocatalytic performance were also 
discussed in this chapter, which revealed the varied influences of pore order, pore size, 
pore depth, sizes of Si nanocrystals on the photon absorption, and mass diffusion 
processes during dye degradation. As found the ordered 1D channel array of heavily 
doped mesoporous silicon is more efficient in degrading methyl orange molecules than 
the interconnected porous network of moderately doped mesoporous silicon for the 
improved mass transfer facilitated by the larger mesopores and straight pore alignment.  
Last but not the least, the lifetime of H-terminated mesoporous silicon photocatalyst 
was also examined which shows an excellent reusability and its activity can be 
maintained very well even after 10 cycles of dye degradation.  
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Chapter 5 
Hydrogen-Terminated Mesoporous Silicon/Graphitic 
Carbon Nitride (g-C3N4) Nanosheets Heterojunction Study 
 
Abstract 
In semiconductor-mediated photocatalysis, the construction of hybrids by coupling 
different semiconductors is an effective strategy for achieving a better performance in 
a given redox reaction. In contrast to the involvement of expensive metal-containing 
components, two dimensional graphitic carbon nitride (g-C3N4) material appeals to be 
an ideal candidate to generate earth abundant and metal-free heterojunction utilized in 
solar energy conversion. Here g-C3N4 was for the first time composited with 
H-terminated mesoporous silicon previously investigated via simple impregnation, 
which exhibited an enhanced activity in methyl orange degradation under visible light 
irradiation.
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5.1 Overview 
Two-dimensional (2D) nanomaterials, such as graphene,1-3 MoS2,4-6 and hexagonal 
boron nitride (h-BN),7 have attracted worldwide attention owing to their exceptional 
structural and electronic properties over the past decade.8 A significant amount of effort 
has in particular been devoted to the development of 2D graphitic carbon nitride (g-C3N4) 
which has shown promising activities in various fields of solar energy conversion, light-
emitting and sensing etc.9-15 Ever since the first report of using g-C3N4 in hydrogen 
production in 2009 by Wang et al.,16 its potential as photocatalyst in water splitting,17 
CO2 fixation,18 and pollutant regulation9, 11 has been exploited widely due to its notable 
characters such as low-cost, earth abundant, non-toxic, thermal and chemical stability.10 
Moreover, its layered structure can be easily delaminated into nanosheets via 
thermal,19-21 chemical,22-24 or mechanical treatment25-28 which is widely recognized as a 
novel class of nanostructured materials because of the high surface area, small vertical 
thickness and quantum confined effects on photoactivity.29 
In this chapter, H-terminated mesoporous silicon (mpSi) was combined with such 
two-dimensional g-C3N4 nanosheets (g-C3N4 NSs), obtained through thermal 
condensation polymerisation of melamine followed by ultrasonic exfoliation. Firstly, the 
physiochemical properties of g-C3N4 bulk powders and g-C3N4 NSs were thoroughly 
examined by means of characterisation techniques including SEM, IR, gas sorption, 
thermal analysis and optical measurements, exhibiting clear differences in physical 
morphology (plane size, vertical thickness), surface area and optical properties  leading 
to a more efficient photocatalytic performance of g-C3N4 NSs in degrading methyl 
orange (MO) under visible light irradiation than the large aggregated parent powders. 
After combined with mpSi via liquid-phase impregnation, the degradation activity of 
mpSi/g-C3N4 NSs material of 1:1 weight ratio toward MO was remarkably promoted, 
indicating a coupling interaction between these two semiconductor components. 
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5.2 Experimental section 
5.2.1 Synthesis of graphitic carbon nitride bulk powders 
The bulk g-C3N4 was fabricated by direct pyrolysis of melamine. The precursor was 
heated in an alumina boat covered by Al foil at 550˚C and the heating rate was 
10 ˚C·min-1, then kept for 2 hours at 550 ˚C under static air. After condensation, it was 
ground into g-C3N4 powders. 
 
5.2.2 Synthesis of graphitic carbon nitride nanosheets  
Graphitic C3N4 nanosheets were prepared by sonication assisted liquid exfoliation. 
Typically, 100 mg g-C3N4 powder as obtained above was first dispersed in 50 mL 
2-propanol. Then the colloidal solution was exposed to ultrasound treatment for 
10 hours at room temperature. Thereafter they were centrifuged at 3000 rpm and then 
g-C3N4 NSs were obtained in the supernatant layer.  
 
5.2.3 Synthesis of the composites (mpSi/g-C3N4 NSs) 
H-terminated mesoporous silicon (mpSi) was obtained by electrochemical etching of 
monocrystalline Si wafers in HF/ethanol electrolyte at room temperature. Among 
various mpSi samples that had been studied in previous chapters, HPS-200-05-F samples 
exhibited the most impressive photocatalytic activity in methyl orange degradation due 
to the wide visible light responsiveness and its unique structural features according to 
the findings in Chapter 4 (Figure 4.17). Thus, it was adopted here to be combined with 
g-C3N4 nanosheets in varied weight ratio as 4:1, 1:1 and 1:4 respectively, through the 
procedure described in 2.2.3 in Chapter 2.  
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5.2.4 Sample characterisation 
The structural morphology and physiochemical properties of g-C3N4 bulk powders and 
g-C3N4 nanosheets were examined by means of SEM, FTIR, nitrogen adsorption, 
TGA-DSC, UV-Vis and fluorescence spectroscopic techniques  with H2O used as 
dispersion medium for the optical measurements. The IR, UV-Vis absorption, 
photoluminescence emission spectra of mpSi/g-C3N4 NSs composites were also 
recorded. All measurement parameters were the same as described in Chapter 2 unless 
otherwise stated. 
 
5.2.5 Photocatalytic evaluation 
The photocatalytic activities of g-C3N4 materials and the heterojunction were measured 
by the photo-degradation of methyl orange (MO) under visible light irradiation. The 
unreacted dye concentration of MO solution was measured by UV-Vis spectrometer at 
different time intervals of the photocatalytic process. Apparent rate constants were also 
derived from the UV-Vis data of MO based on first order reaction model for the 
clarification of reaction efficiency. All experimental procedures and instrumental 
parameters were the same as outlined in Chapter 2 unless otherwise specified in the 
text. 
 
5.3 Results and discussion 
5.3.1 Characterisation and photocatalytic activity of g-C3N4 materials 
As described above, graphitic carbon nitride (g-C3N4) bulk particles were synthesized 
through thermal-driven condensation polymerisation of melamine, which were then 
used to prepare g-C3N4 nanosheets (g-C3N4 NSs) by sonication-assisted liquid exfoliation 
in isopropanol. A range of characterisation tools (SEM, FTIR, gas sorption, thermal 
analysis, UV-Vis absorption and fluorescence spectroscopies) were employed to confirm 
this result. Then the photocatalytic performance of g-C3N4 powders and g-C3N4 NSs in 
MO decomposition under visible light irradiation were also examined in this section. 
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5.3.1.1 SEM images and elemental analysis of g-C3N4 materials 
 
 
Figure 5.1 SEM images of g-C3N4 bulk powders (A, B) and g-C3N4 nanosheets (C, D). 
 
As shown in Figure 5.1, the particle size of g-C3N4 nanosheets (C and D) was significantly 
reduced after exfoliation, in stark contrast to the bulky particles of parent g-C3N4 
powders (A and B) as well as the thinness, while the typical graphite-like 2D layered 
structure was distinctly featured in the bulk g-C3N4. The theoretical thickness of g-C3N4 
monolayer is about 0.325 nm21 which would be greatly desirable to be used in the 
following photocatalytic application because of the much enlarged interface area it 
possesses for mass and charge transport. However, as known from graphene related 
research, multilayer or buckled single layer have been demonstrated to be more stable 
than the infinite flat plane.30  Therefore as analogy to graphite, g-C3N4 nanosheets were 
composed of a variety of multilayers, which still enabled a thin vertical thickness and a 
large surface area, as revealed in the nitrogen adsorption desorption data below.  
A B
C D
1 µm 1 µm
1 µm 1 µm
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The average C/N molar ratio was revealed as 1.09 and 1.00 for g-C3N4 powders and 
g-C3N4 nanosheets respectively. The theoretical C/N ratio of the ideally crystallized 
g-C3N4 is 0.75. However, due to the incomplete condensation, the C/N ratio of g-C3N4 
product is often slightly lower than 0.75, indicating a partially polymerised structure.19-20 
Nevertheless, the similar C/N ratios between g-C3N4 powders and g-C3N4 nanosheets 
samples represent the elemental composition was not affected by exfoliation.  
 
Table 5.1 C/N atomic ratio of g-C3N4 bulk powders and g-C3N4 nanosheets measured by EDS 
analysis. 
Samples C/N atomic ratio 
g-C3N4 bulk powders 1.09 
g-C3N4 nanosheets 1.00 
 
 
5.3.1.2 ATR-IR spectra of g-C3N4 materials 
 
 
Figure 5.2 ATR-IR spectra of g-C3N4 bulk powders (a) and g-C3N4 nanosheets (b). 
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The IR spectra of g-C3N4 powder and g-C3N4 nanosheets are presented in Figure 5.2 
displaying various signs of typical stretching modes of CN heterocycles.31 For example, 
the IR absorption bands at 1628 cm-1 and 1539 cm-1 originate from the C=N bonding of 
the melem structure. Other signals at 1395 cm-1, 1314 cm-1 and 1231 cm-1 are attributed 
to C-N bonding of aromatic secondary and tertiary amines. The strong peak at 804 cm-1 
represents the characteristic breathing mode of tri-s-triazine units, which confirms the 
basic building block of the graphitic network of g-C3N4 materials. Meanwhile the broad 
band at 3000-3500 cm-1 was also observed which is indicative of the uncondensed 
terminal amino groups (-NH2 or =NH groups) on the conjugated framework due to 
incomplete deamination. Overall, the FTIR results are in good accordance with precious 
reports of g-C3N4 materials prepared by thermal polymerization method, and affirm the 
identical chemical state of g-C3N4 powder and g-C3N4 nanosheets.  
 
5.3.1.3 Nitrogen sorption isotherms of g-C3N4 materials 
 
 
Figure 5.3 Nitrogen sorption isotherms of g-C3N4 bulk powders (a) and g-C3N4 nanosheets (b). 
 
0.0 0.2 0.4 0.6 0.8 1.0
0
100
200
300
400
500
 Adsorption
 Desorption
 
 
A
b
s
o
rb
e
d
 V
o
lu
m
e
 a
t 
S
T
P
/ 
c
m
3
g
-1
Relative Pressure, P/P0 
(a)
(b)
Chapter 5 
Heterojunction Study 
 
 
189 
A Type IV shape with H3 hysteresis was found in the nitrogen sorption isotherms of both 
samples. The specific surface area value (SBET) was derived by the application of the BET 
approach on the adsorption branch which was determined as 25.66 m2·g-1 for the bulk 
powders, in line with the reference value between 5-30 m2·g-1 depending on the exact 
calcination temperature. After exfoliation, a dramatic rise in surface area was observed, 
over 8 times to 209.2 m2·g-1 for g-C3N4 nanosheets as well as a larger pore volume from 
the increased interparticle space due to smaller particle size. For nanostructural 
semiconductor, the enlarged surface area is greatly advantageous for promoting surface 
photo-redox reactions by providing more reactive sites and shortened migration 
distance for photoexcited charge carriers. 
 
Table 5.2 Textual properties of g-C3N4 bulk powders and g-C3N4 nanosheets 
Samples SBET / m2·g-1 Vpore / cm3·g-1 
g-C3N4 bulk powders 25.66 0.14 
g-C3N4 nanosheets 209.2 0.68 
 
 
5.3.1.4 Thermal gravimetric analysis of g-C3N4 materials 
Through thermal gravimetric analysis, the exfoliated nature of g-C3N4 nanosheets was 
further revealed. As shown in Figure 5.4A, g-C3N4 powders started to lose weight slowly 
at 490˚C due to the condensation of terminal amino groups and distortion of the 
graphitic network. These phase transformation and degradation processes developed 
rapidly as the temperature was further elevated, resulting in a sharp drop of the TG 
curve accompanied by an intense endothermic DSC peak maximized at 742˚C. In 
contrast, the g-C3N4 nanosheets sample shows less thermal resistance than the parent 
powders against the ramping temperature as seen in Figure 5.4B. Although the mass 
loss occurred at the same temperature level as the powders, the degradation of carbon 
nitride evidently progressed at a much faster rate due to its higher surface area and less 
ordered structure, with the DSC curve peaked at 683˚C. The whole temperature range 
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was 490˚C-700˚C for g-C3N4 nanosheets, 65˚C short of the 490˚C-765˚C for the bulk 
counterpart due to the finer physical dimensions and less defined stacking order of 
nanosheets. 
 
 
Figure 5.4 TGA-DSC curves of g-C3N4 bulk powders (A) and g-C3N4 nanosheets (B). 
 
5.3.1.5 UV-Vis absorption spectra of g-C3N4 materials 
As exhibited in the UV-Vis absorption spectra in Figure 5.5, both g-C3N4 samples show a 
broad visible light absorption with a absorption maximum at 322 nm, 311 nm for g-C3N4 
powders and g-C3N4 nanosheets, respectively. As a consequence of the quantum 
confinement effect of semiconductor materials, the nanosheet sample with smaller in-
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plane size and vertical thickness after ultrasound treatment has a widened CB/VB energy 
gap than the bulk material, by shifting conduction and valence bands in opposite 
directions which can contribute to a stronger redox ability of the photon-induced e-/h+ 
thus improving the photocatalytic activity in redox reactions. 
 
Figure 5.5 UV-Vis absorption spectra of g-C3N4 bulk powders (a) and g-C3N4 nanosheets (b). 
 
5.3.1.6 Photoluminescence spectra of g-C3N4 materials 
 
Figure 5.6 Photoluminescence spectra of g-C3N4 bulk powders (a) and g-C3N4 nanosheets (b). 
Inset is the photograph of aqueously dispersed g-C3N4 nanosheets under the irradiation of 
365 nm UV lamp, emitting blue luminescence at room temperature. 
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In agreement with the UV-Vis absorption data above, the emission peak position of 
g-C3N4 nanosheets also shifted downwards to the lower wavelength side, from 458 nm 
of bulk powders to 437 nm, as featured in Figure 5.6. Likewise, the blue shift 
phenomenon is also the result of quantum confinement effect due to the reduction of 
crystal size after exfoliation. 
 
5.3.1.7 Fluorescence quantum yield of g-C3N4 materials 
 
 
Figure 5.7 The gradients of integrated emission intensity versus the absorbance of UV-Vis 
absorption at 317 nm for (a) quinine sulfate standard (λEm = 449 nm), (b) g-C3N4 nanosheets 
(λEm = 437 nm) and (c) g-C3N4 bulk powders (λEm = 458 nm). 
 
Table 5.3 The fluorescence quantum yield data of quinine sulfate, g-C3N4 bulk powders and 
g-C3N4 nanosheets. 
 Slope Refractive index Quantum yield 
Quinine sulfate 6.38 × 105 1.33 54.0% 
g-C3N4 bulk 
powders 
9.25 × 104 1.36 8.19% 
g-C3N4 nanosheets 2.21 × 105 1.33 18.7% 
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The respective 𝜙F value for g-C3N4 nanosheets and g-C3N4 bulk powders were calculated 
by measuring the integrated fluorescence intensity in aqueous dispersed g-C3N4 
nanosheets and g-C3N4 powders in ethanol against quinine sulfate in 0.1M H2SO4 aq 
solution. As shown in Figure 5.7, each series of the data points were linearly fitted and 
the fitted slopes were listed in Table 5.3 as well as the quantum yield values calculated 
by Equation 2.5. As displayed, the 𝜙F value of g-C3N4 nanosheets was profoundly 
improved to 18.7%, in agreement with the DFT calculation results published by other 
researchers in which the  g-C3N4 nanosheets shows an clear increase of the density of 
states (DOS) with respect to the bulk material on its conduction band which enables 
improved photoresponsivity.25 
 
5.3.1.8 Photocatalytic activities of g-C3N4 materials in dye degradation 
 
Figure 5.8 UV-Vis absorption spectra of MO solution (15 mL, 30 µM) before and after adding 
45 mg g-C3N4 powders (A) and 45 mg g-C3N4 nanosheets (B) as a function of degradation time 
under visible light irradiation. Before irradiation, the reaction system was stirred in the dark for 
60 min. 
 
Figure 5.8 showed the variation of MO absorbance as a function of degradation time in 
the presence of g-C3N4 powders (A) and g-C3N4 nanosheets (B) under visible light 
irradiation. The peak intensity at 464 nm was gradually reduced and its position was 
observably shifted to the lower wavelength range representing the continuous attack 
upon the molecular structure of organic dyes and eventually degraded into CO2 and H2O 
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by oxidative species driven by the photon-induced e-/h+ charges produced on the 
conduction and valence band of g-C3N4 materials after photon absorption.31-32 Since 
g-C3N4 is chemically inert and stable in aqueous dye solution, no absorption peaks 
around 246 nm from sulfanilic acid or dimethyl-4-phenylenediamine were detected 
during the photodegradation processes, reflecting different photocatalytic behaviours  
between g-C3N4 nanosheets and H-terminated mesoporous silicon studied in the 
previous chapter where MO was also decomposed chemically by the reductive silicon 
hydrides of mpSi into fragment compounds, as discovered in Chapter 4. 
 
 
Figure 5.9 The degradation rates (A) and first order kinetics (B) of MO degradation over g-C3N4 
powders (square) and g-C3N4 nanosheets (circle) under visible light irradiation. Before irradiation, 
the reaction system was stirred in the dark for 60 min. 
 
Figure 5.9 displays the degradation rate of MO degradation with g-C3N4 powders and 
g-C3N4 nanosheets and the respective rate constant derived from the UV-Vis absorption 
data. As shown, the apparent 1st order rate constant (k) was 0.37 h-1 for g-C3N4 
nanosheets, clearly more photo-catalytically efficient than the parent powders  
(k = 0.11 h-1), despite the higher fluorescence quantum yield as revealed above. The 
significance of available surface area is also shown in the varied percentages of 
physically absorbed dye molecules after stirred rigorously in the dark for 60 min before 
carrying out the photocatalytic reaction, which was 15.8% by g-C3N4 nanosheets at 
equilibrium, and merely 5.4% by g-C3N4 bulk powders due to the limited surface area, 
25.66 m2·g-1 as shown in Table 5.2.  
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5.3.2 Photocatalytic activities of mpSi/g-C3N4 composites in dye degradation 
Free standing H-terminated mesoporous silicon (mpSi), HPS-200-05-F sample was 
hybridized with g-C3N4 nanosheets as characterised above via impregnation to form 
mpSi/g-C3N4 NSs composites (mpSi/g-C3N4-S1, mpSi/g-C3N4-S2, mpSi/g-C3N4-S3) with 
various weight ratios as m(mpSi): m(g-C3N4 NSs) = 4:1, 1:1 and 1:4 respectively. Since 
the amount of photocatalyst used per unit of MO solution was decreased to about 
6.67 g·mol-1, the photocatalytic rate constant of g-C3N4 NSs was thus reduced to 0.04 h-1 
in this set of experiments. 
 
Figure 5.10 A: UV-Vis absorption spectra of MO solution before and after adding mpSi/g-C3N4-S2 
as a function of degradation time under visible light illumination; B: MO degradation rates over 
HPS-200-05-F, g-C3N4 nanosheets, and mpSi/g-C3N4 NSs composites (S1, S2, S3) under visible 
light irradiation.  
200 300 400 500 600 700 800
 0 min
 30 min
 60 min
 90 min
 120 min
 150 min
 180 min
 
 
A
b
s
o
rb
a
n
c
e
 /
 a
.u
.
Wavelength / nm
246
464
A
0 60 120 180
0.0
0.2
0.4
0.6
0.8
1.0
 
 
C
/C
0
Reaction time / min
 g-C
3
N
4
 NSs
 HPS-200-05-F
 mpSi/g-C
3
N
4
-S1
 mpSi/g-C
3
N
4
-S2
 mpSi/g-C
3
N
4
-S3
B
Chapter 5 
Heterojunction Study 
 
 
196 
As shown in Figure 5.10A, the 464 nm peak intensity of MO decreased rapidly over 
mpSi/g-C3N4-S2 sample and completely decayed after 90 min while ~40% of the initial 
amount of organic molecules were still unreacted in the dye solution of mpSi  under 
similar conditions. As found from the previous chapter, the fast rate of MO 
disappearance over irradiated mpSi material is a combined result of charge-driven 
photocatalysis and surface hydride-involved reduction. Likewise, the appearance and 
growth of the absorption band at 247 nm during MO degradation was also presented 
here in the study of mpSi/g-C3N4-S2, indicating a similar behavioural pattern of the 
composite in MO photodecomposition.  
As further disclosed in Figure 5.10B, the activity of mpSi/g-C3N4 NSs composites in MO 
decomposition was varied to a large extent corresponding to the weight ratio between 
mpSi and g-C3N4 NSs components. By adding increasing amounts of mpSi into the 
composite structure, the degradation rate of mpSi/g-C3N4-S1 with 4:1 weight ratio was 
revealed to be similar to mpSi itself. Whereas the performance of mpSi/g-C3N4-S3 was 
significantly inhibited by the very high compositional ratio of g-C3N4 NSs. 
According to the reported band structure of g-C3N4, the CB and VB band positions of 
g-C3N4 appear at -1.12 V and 1.58 V, respectively with a 2.7 eV energy gap.33-35 As well 
as the band positions of mpSi (HPS-200-05) revealed in Chapter 4 as -0.75 V and 1.30 V, 
the band alignment of mpSi/g-C3N4 NSs heterojunction is drawn in Figure 5.11.  
 
Figure 5.11 Band diagram of mpSi/g-C3N4 heterojunction. 
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As shown the semiconductor composite is defined as a Type I straddling 
heterostructure,36 in which the photogenerated electrons and holes would mainly 
accumulate on the conduction and valence band of one component, mpSi in this case as 
the charge acceptor which would gain the energy. As found in Chapter 4, the reductive 
capability of Si-H bond of mpSi in converting MO appeared to be accelerated under 
visible light irradiation through the proposed exciton-related mechanism as Si-H is 
known as electron deficient and hence has the tendency to extract free electrons. Since 
mpSi is a p-type semiconducting system with excess hole supply in the valence band, the 
flow of photoexcited electrons may occur more frequently to the conduction band of 
g-C3N4 to mpSi and is likely to be promoted by the above mentioned stimulation effect 
on the hydrogen transfer process, eventually resulting in the fast disappearance of MO 
molecules in the presence of mpSi/g-C3N4 NSs as shown here. According to the 
electronic structure of g-C3N4 revealed in the DFT calculations, the valence and 
conduction bands of g-C3N4 are mainly composed of the nitrogen pz orbitals and carbon 
pZ orbitals, respectively.16 Thus to be more specific, the charge transfer in the 
heterostructure is proposed to go through the C atom of g-C3N4 component to the 
surface hydrides (SiHx) of mpSi material. 
 
 
Figure 5.12 A: ATR-IR spectra of HPS-200-05-F (a), g-C3N4 NSs (b), mpSi/g-C3N4-S2 before (c) and 
after (d) MO degradation; B: UV-Vis absorption and emission spectra of mpSi/g-C3N4-S2. 
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Table 5.4 IR absorption wavenumbers of C=N, C-N stretching vibrations and the breathing mode 
of tri-s-triazine ring of g-C3N4 bulk powders, g-C3N4 nanosheets and mpSi/g- C3N4 composite. 
 
g-C3N4 bulk powders g-C3N4 nanosheets mpSi/ g-C3N4-S2 
    
C=N / cm-1 
1628 1626 1639 
1539 1539 1545 
    
C-N / cm-1 
1395 1394 1411 
1314 1314 1321 
1231 1230 1246 
    
breathing / cm-1 804 804 811 
 
As shown in Figure 5.12A, the FTIR spectra of mpSi/g-C3N4-S2 before and after 
photocatalytic evaluation were recorded which exhibited characteristic IR signals from 
both semiconductor components, confirming the existence of mesoporous silicon and 
g-C3N4 in the composite which was also consistent through the degradation reaction and 
catalyst recycling. Interestingly, the various IR peak positions of g-C3N4 NSs were all 
blueshifted after being hybridized with mpSi, which is unlikely to be related to the 
exfoliated nature of g-C3N4 NSs. As we can see, the IR bands of g-C3N4 NSs and bulk 
powders were all situated in identical positions in Table 5.4.  
In addition, a new UV-Vis band at 550 nm also emerged in the absorption spectrum of 
mpSi/g-C3N4-S2 (Figure 5.12B). As featured, the 376 nm signal is commonly observed in 
g-C3N4 synthesis and derived from the π-π* transition of the aromatic system. However, 
the 550 nm peak induced by n-π* transition is rarely seen in the characterisation of 
g-C3N4 as this electronic excitation is intrinsically forbidden by symmetry but can be 
activated by structural distortion, especially in-plane distortion to the 2D 
flat morphology.37-38 For example, the buckled configuration of g-C3N4 monolayer or 
multilayer was reported to have increased spectral response in the visible region for 
photon absorption and enhanced photocatalytic activity in H2 generation due to this 
distinct optical feature.39  
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Thus, as suggested by the above results, some valuable insights into the coupling effects 
of mpSi and g-C3N4 NSs semiconductors were provided of which some influences had 
been shown on the bonding environment and structural morphology of g-C3N4 
component, leading to the optical variations of g-C3N4 nanosheets. Although the nature 
of the interfacial interaction between mpSi and g-C3N4 NSs in the composite is still not 
yet clear in this stage. It can be better elucidated in the future with more detailed 
characterisation results and in-depth investigation of the physical, chemical and 
electronic effects on the photocatalytic behaviours of the coupled material.  
 
5.4 Summary 
In this chapter, photoactive hydrogen-terminated mesoporous silicon (mpSi) and 
graphitic carbon nitride nanosheets (g-C3N4 NSs) were coupled into mpSi/g-C3N4 NSs 
composite via impregnation, which presented an enhanced degradation capability 
toward methyl orange under visible light irradiation. Since both components can be 
facilely prepared from low cost, earth abundant raw materials, mpSi/g-C3N4 NSs  
heterojunction is very promising as a metal-free, visible light responsive candidate in 
utilizing the renewable solar energy on a large scale. On one hand, the large surface area 
and accessible porous system of mesoporous silicon fabricated via electrochemical 
etching facilitated the diffusion of reactants and products. Its widened optical bandgap 
and well-defined crystal structure also enhanced the visible light absorption and lifetime 
of photoinduced charge carriers. Meanwhile, the large surface area and small vertical 
thickness possessed by g-C3N4 nanosheets also promoted the absorption of reactants 
and reduced the charge migration distance. On the other hand, some synergistic effects 
on the photocatalytic behaviour of the heterojunction are reasonably expected as 
indicated in our preliminary results, which have shown stimulated activity of hydrogen 
termination on mesoporous silicon surface and n-π* electronic transition mode of 
g-C3N4 in the composite, although the nature of the electronic/physiochemical 
interaction still remains largely unknown and will be the subject of future exploration.  
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Conclusions and Future Work 
 
Abstract 
In this chapter, the aim of the research described in the thesis is outlined. The main 
conclusions are summarized and proposals for future work indicated by this research 
are suggested.
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6.1 Conclusions 
Aiming for utilizing the abundant solar energy efficiently and cost-effectively, this thesis 
was focused on the study of silicon and silicon-based semiconducting systems, which 
are known as low-cost, earth-abundant, metal-free and eco-friendly, potentially useful 
in resolving various global challenges we’re facing with such as water pollution. 
Mesoporous silicon (mpSi) was facilely prepared by galvanostatic anodization which 
created a Si-based open mesoporous system with a large accessible surface area to 
promote mass diffusion and charge transfer in liquid phase photoreactions. In general, 
two different structural morphologies were constructed within the Si crystalline matrix: 
an interconnected porous network and an orderly aligned meso-channel array. Despite 
the distinct differences in pore properties, several common similarities were also shared 
including the hydrogen terminations and abundant Si nanocrystallites on the surface. By 
taking advantage of the surface hydrides, thiol-capped mesoporous silicon with allyl 
mercaptan was synthesised successfully under microwave field within a significantly 
shortened reaction time. 
By tuning the etching conditions, a variety of structural properties (layer thickness, 
crystallinity, surface area, pore size distribution and Si  nanocrystal sizes) of as-etched 
mpSi material were correspondingly modified. As found, the resulting Si structure was 
dominantly affected by the etching current density applied in the fabrication process. 
As etching current density increased, it was rendered with higher specific surface area, 
larger pore volume and pore size, and smaller nanocrystalline Si  particles. The effect of 
etching duration was comparatively moderate as the surface area slightly increased 
after longer immersion time in the etchant due to the occurrence of chemical dissolution. 
As a result of the high surface area, framework crystallinity and abundant surface 
hydrides, hydrogen-terminated mesoporous Si channel array with ordered pore 
alignment and large pore size showed an excellent activity in degrading methyl orange 
(MO) under visible light irradiation. Its widened bandgap induced by the quantum 
confinement effect of the constituted Si nanocrystallites endowed a broad absorption 
of visible light range photons. While the less efficient performance of the interconnected 
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porous network in MO photodegradation was largely caused by its poor crystallinity, 
lower electrical conductivity and higher oxidation tendency resulting in faster 
recombination rate of photoexcited electrons (e-) and holes (h+), as well as by the 
branched, narrower mesopores that were not as effective in enhancing the access to 
the vast internal surface as the ordered channels. By further improving the visible light 
responsiveness and surface availability of the meso-channel array, MO decomposition 
over free-standing mpSi microparticles was further accelerated with 88% of the initial 
efficacy remained after 10 cycles of photoreactions. 
Hydrogen termination on the surface of mesoporous silicon was revealed to be a 
prominent factor in destroying the molecular structure of MO by reducing its azo linkage 
which was also the main responsible process occurred in the dark for MO decomposition 
over mpSi. This degradation pathway was further promoted by enhancing the reduction 
activity of the surface hydrides species under visible light irradiation of which the 
underlying mechanism is assumed to be related to the localized excitons at Si-H sites. In 
addition, photo-oxidation of MO was also initiated and proceeded simultaneously, 
driven by the reactive oxygen species (ROSs), primarily superoxide radical anions (·O2-) 
formed in the conduction band of mpSi. Upon irradiation, mpSi absorbed supra-bandgap 
incident photons and generated photoexcited e- and h+ in its conduction band and 
valence band. The conduction band electrons then transferred to the interface and 
reduced dissolved O2 into ·O2-. In this process, surface Si-H bond is also critically 
important as it prevented the undesired e-/h+ recombination by trapping the 
photoinduced e-. As a result of the competing degradation pathway mentioned earlier, 
the photo-oxidation capability of mpSi gradually declined. 
An enhanced visible-light-driven photo-reduction of MO was achieved by combining 
mesoporous silicon with graphitic carbon nitride nanosheets (g-C3N4 NSs). As indicated 
by the Type-I heterojunction structure of the semiconductor composite, the reductive 
capability of Si-H bonds in mpSi was likely promoted in the presence of g-C3N4 NSs, 
because of an excess of photoinduced e- on the conduction band of mpSi donated from 
the higher conduction band of g-C3N4 component, which eventually led to a faster 
degradation rate against MO molecules according to the exciton-related mechanism.  
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In this thesis, the microscopic structural characteristics of mesoporous silicon prepared 
by electrochemical etching have been examined thoroughly which can provide a useful 
guide in the applications of porous Si-based materials. The potential of H-terminated 
mesoporous silicon in photocatalytic degradation of methyl orange has been assessed 
and the importance of mass diffusion within the porous structure has been highlighted 
as largely regulated by the pore properties. The mechanistic study of the degradation 
behaviour toward methyl orange has revealed the significant roles of the surface 
hydrides with or without visible light irradiation. And the exploitable reduction power 
of Si-H bond by the action of external light and other photoactive semiconductors also 
suggests a potential research direction in tuning the activity to purposely guide a 
photochemical/chemical transformation. 
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6.2 Future work 
Considering the current progress of this work, some recommendations for future work 
are: 
 To conduct a more detailed product analysis and intermediates generated through 
the degradation process of methyl orange over H-terminated mesoporous silicon 
with or without external visible light illumination by employing sophisticated 
analytical tools, such as mass spectrometry.  
 To monitor the electron-transfer processes that occur under visible light irradiation 
by using electrochemical methods for a direct observation of the charge separation, 
migration and recombination on mesoporous silicon and mpSi/g-C3N4 NSs composite. 
 To understand the effect of photoinduced charge carriers on the reactivity of Si-H 
bond on the surface of mesoporous silicon by in situ characterisation technique, such 
as solid state NMR to be used on the irradiated sample. 
 To exploit H-terminated mesoporous silicon in photoreduction of carbon dioxide,1-2 
organic compounds, metal ions etc. by making use of the abundant surface hydrides 
and seeking for possible site selectivity. 
 To further explore the composite structure of mesoporous silicon and graphitic 
carbon nitride nanosheets and investigate the interfacial interaction between these 
two phases to guide the design of new structures.  
More broadly, future exploration could be directed to: 
 Expanding the applications of mesoporous silicon to other potential areas. 
o As anode material to be used in lithium-ion batteries making use of the 
exceedingly high theoretical energy capacity of Si (ca. 4200 mA h g-1) and the 
large surface area and porous structure to accommodate the volume 
expansion during charging and discharging processes known to cause the 
rapid decay problem.3-11  
o As drug carrier or imaging agent to be used in biomedical applications making 
use of the unique structural properties, light-emitting ability, 
biocompatibility and biodegradability.12-21 
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 Developing mesoporous silicon-based heterostructures with other photoactive 
materials.22-24 
 Creating novel structured porous silicon by bottom-up magnesiothermic 
reduction.4, 25 
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